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ABSTRACT 

After recalling the elementary properties which led to 
superconductors being used for generating very strong 
magnetic fields, as well as the methods used to attain 
the required very low temperatures in practice, the 
author presents in its elementary form the principle 
of storage and liberation of energy. A more detailed 
analysis of the successive charging, trapping, storage 
and discharge operations shows up the different aspects 
of the problem and is followed by a review of the very 
small amount of research published up to now and also by 
a presentation of the original work which has been 
carried out in this field. It is already possible to 
use superconducting materials as they are (i.e. although 
their characteristics have been adjusted with a view only 
to obtain very strong magnetic fields). Much more will be 
obtained from superconductors when they have been correct- 
ly adapted to this new very promising application to the 
storage and discharge of electrical energy. N69-11685 
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Chief Notations Used 

Storage Circuit 

L 
r 

i(t) 

IO 

C 

C 

J 

B 

m 

wO 

Switch 

RZ(t) 

Rm 

RO 

L2 
V,(t 1 

K2 

i,(t) 

2 W 

self-iniaction coefficient of the storage circuit 

electrical resistance (if any) of the storage circuit 

current in the storage circuit as a function of time 

initial trapped current or maximum current to be charged 

critical current density of the superconducting material 

critical induction of the superconducting material 

total of the superconducting material 

initial trapped energy 

resistance of switch as a function of time 

maximum value of RZ(t) 

resistance (if any) of the "closedff switch 

self-induction coefficient of the switch 

voltage at the switch terminals as a function of time 

current in the switch as a function of time 

energy dissipated into the switch 

this symbol designates the switch used to trap energy 

Connections 

3 
3 

R 

L 

w or w 3 

Us e 

2 

R 

L 

- 
U 

U 

U 

cU 
iu(t) 

m I 

resistance of the connections 

self-induction coefficient of the connections 

eyergy dissipated by Joule effect into the connections (cf. also - 
ttTemperature associated quantities") 

impedance of use 

purely dissipative impedance of use 

purely coil impedance of use 

purely capacitive impedance of use 

current in impedance of use as a function of time 

maximum value of the discharge current 

vi 



W 

K 
U 

3 

Generator 

K1 

energy transferred in use 

this symbol designated (if appropriate) the switch used to 

connect the use 

this symbol designated (if appropriate) the switch used to 

connect the generator 

Temperature Associated Quantities 

T temperature at a given point in the circuit 

W energy transported by thermal conduction (cf. also %onnectionsff) 

P (TI 
U(T) 

electrical resistivity as a function of temperature 

thermal conductivity as a function of temperature 

Time Associated Quantities 

7 duration of charge 

b r  duration of storage 

7 operating time in cold of cryostat 

r 

C 

S 

U 
period of oscillation (case of an oscillating discharge) or either 

duration of discharge or time constant of discharge (this is 

specified in text) 

7 standard time constant characteristic of the storage circuit 2 

Efficiency 

v efficiency in electrical energy 

vi i 
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THE USE OF SUPERCONDUCTORS 
FOR STORAGE AND DISCHARGE 

OF ELECTRICAL ENERGY 

J. Sole 

1. The Superconductor - /7* 
When the  temperature of a metal o r  metal compound is lowered, t he re  gen- 

e r a l l y  may be observed a progressive decrease i n  i ts  e l e c t r i c a l  r e s i s t i v i t y  [11. 
Nevertheless, the  e l e c t r i c a l  r e s i s t i v i t y  of some metals and compounds can 

abruptly become equal t o  zero 121 below a spec i f i c  temperature C31 t o  [lo]. 
This phenomenon w a s  observed f o r  t h e  first time by the  Dutch phys ic i s t  

Kamerlingh Onnes i n  l 9 l l  with mercury. 

t he  material, including its na ture ,  s t r u c t u r e  and geometrical shape, i s  c a l l e d  

This temperature which i s  a function of 

cr  i t i c  a 1 temperature. 

I n  1933 the  German Meissner discovered experimentally t h a t ,  i n  t he  case of 

t he  materials j u s t  mentioned, when r e s i s t i v i t y  w a s  zero ,  t he  induction i n t o  the  

material remained not only constant but again w a s  zero. 

p resent ly  c a l l e d  the  "Meissner e f f e c t , "  characterize,? t h e  superconductor. The 

la t te r  thus not only behaves as a pe r fec t  conductor (aero  r e s i s t i v i t y )  but a l s o  

as a pe r fec t  diamagnetic material (zero  induction).  

This phenomenon, 

When t h i s  superconductor is subjected t o  an increas ing  magnetic f i e l d ,  st 

a s p e c i f i c  value of t h e  f i e l d  t h e  material abrupt ly  rega ins  t h e  p rope r t i e s  of a 

normal conductor. I t  is no longer a superconductor. I t  is sa id  t o  have made 

the  t r a n s i t i o n  from the  superconducting state t o  the  normal state. This value 

of t he  magnetic f i e l d  which is a function of the  material i s  ca l l ed  t h e  

" c r i t i c a l  f ie ld ."  rt could even be poss ib le  t o  r e s t o r e  the  material t o  i t s  

normal s ta te  by passing through it a cur ren t  greater than a c e r t a i n  value. This 

value of t h e  cur ren t ,  still a function of t he  material, is ca l l ed  the  Itcritical 

current.  

The state i n  which the  material is found is therefore  a function of t h e  L8 
whole of the  values of three quan t i t i e s :  

* Numbers i n  the  margin ind ica t e  pagination i n  t he  fore ign  text. 
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T temperature of the  material;  

H magnetic f i e l d  t o  which i t  is subjected; 

I e l e c t r i c a l  cur ren t  passing through it; 

i.e. the  pos i t ion  of a representa t ive  point of coordinates T,  H ,  I ,  i n  a system 

of axes with th ree  dimensions: temperature, magnetic f i e l d ,  current.  When t h i s  

po in t  is located i n  a region s u f f i c i e n t l y  c lose  t o  t h e  o r i g i n  of t h e  coordinates 

(T=O, H=O, I=€)), t he  material  is i n  t h e  superconducting s t a t e .  When t h i s  po in t  

is located, on t h e  cont ra ry ,  i n  a region which is s u f f i c i e n t l y  f a r  from i t ,  the  

material i s  i n  t h e  normal state. 

Both these representa t ive  regions can be w e l l  separated diagrammatically: 

e i t h e r  by a unique surface. This surface corresponds i n  t h i s  case t o  

sets of l lcri t ical  values" f o r  T ,  H, I. The t r a n s i t i o n  of t he  mater ia l  is ca r r i ed  

out completely with passage of t h e  representa t ive  poin t  across  t h i s  sur face  and 

the  material is ca l l ed  "superconductor of t h e  f i r s t  class.I1 

exclude the  case,  f o r  example, where i n  a same massive specimen the re  can 

coexis t  superconducting zones and normal zones respec t ive ly  corresponding to 

d i f f e r e n t  s e t s  of values of T ,  H and I. I n  t h i s  case i t  is sa id  t h a t  the  speci-  

men is  i n  t h e  mixed s t a t e  131 C41). 

(This does not 

o r  by a whole region included between two extreme Rurfaces. The repre- 

s en ta t ive  po in t s  located within t h i s  region correspond t o  a p a r t i a l  pene t ra t ion  

of t h e  magnetic flux i n t o  the  m t e r i a l  c111 c l 2 l  and [31 t o  c71. The correspond- 

ing  material is ca l l ed  "superconductor of the  second class.11 

The behaviors described above are r e l a t i v e  t o  a permanent mude, i.e. w i t h  

constant values ( o r ,  a t  the  l i m i t ,  very slowly va r i ab le  ones) of T ,  H and I. 

In  t r a n s i t o r y  modes i t  is poss ib le  t o  observe an e f f e c t  of l'degradation" of 

superconducting p rope r t i e s  C131 t o  1161. 

Generally, during t r a n s i t i o n ,  t h e  c r y s t a l l i n e  l a t t i c e  of t h e  superconducting L9 

material  undergoes no modification. 

a d iscont inui ty  (although presenring the  same order  of magnitude) when a 

magnetic f i e l d  is present. A l a t e n t  heat of t r a n s i t i o n  is the  r e s u l t  An t h i s  

caee. 

than i n  t h t  normal state f o r  a pure metal whereas it L q  higher f o r  s o m e  a l l o y s  

131 t o  C71 and C171. 

On t h e  o ther  hand, t h e  s p e c i f i c  heat allows 

The thermal conductivity is generally lower i n  t h e  superconducting state 
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A t  t h e  present t i m e ,  t he re  a re  a l imited number of elements, a l l  me ta l l i c ,  

known as superconductors C31 t o  C71. There are a l so  a great number of a l l o y s  

and compounds C271 t o  C301 as well  as some metalloids C271 known t o  bo super- 

conductors. The m a x i m u m  c r i t i ca l  temperatures of these  superconductors were 

up u n t i l  r ecen t ly  11 less than 18" K. The discovery w a s  made q u i t e  r ecen t ly  

t h a t  t he re  are materials which are still  superconductors a t  20' K c371. 

Theore t ica l ly ,  superconductors having cr i t ical  temperatures on t h e  order of 

magnitude of t h e  ambient temperature have been predicted C311 t o  1351, but such 

a p o s s i b i l i t y  i s  still  much debated [lo]. 

UP u n t i l  now, t h e  most o f t en  used p rope r t i e s  of superconductors have been: 

t h e i r  p r a c t i c a l l y  zero e l e c t r i c a l  r e s i s t ance ;  

t h e i r  high c r i t i ca l  f i e lds .  

Th s has allowed produc5ion of windings with p r a c t i c a l l y  no lo s ses  (never- 

t h e l e s s  

capable of c r ea t ing  in tense  permanent magnetic f i e l d s  C111 and C181 t o  C261. 
This is t h e  use which has given auperconductors of t he  second class t h e i r  con- 

s iderable  popular i ty  which they have gained i n  seven years. 

w i l l  be seen, t h e  improvements which r e su l t ed  from t h i s  led t o  production of 

materials having optimm c h a r a c t e r i s t i c s  d i f f e r i n g  from those required f o r  

s torage  and release of electrical energy. 

re ference  1361 on t h e  degradation phenomenon should be consulted) and 

Nevertheless, as 
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2. How the  Very Low Temperatures Required A r e  Reached 

It was owing t o  t h e  l iquefac t ion  of helium which he produced f o r  t he  first /I4 
time i n  1908, t h a t  Kamerlingh Onnes w a s  enabled by chance t o  discover i n  1911, 

t h e  f i r s t  superconductor. 

A t  t he  present t i m e ,  p r a c t i c a l l y  t h e  same technique is still  used t o  cool 

a superconductor. This cooling is still ca r r i ed  out  beginning from na tura l  

l i qu id  helium (helium 4)  which b o i l s  a t  atmospheric pressure a t  t h e  temperature 

of 4.2O Y which t h e  c i r c u i t  t o  be cooled I s  d i r e c t l y  immersed C381 t o  C441. 

H e l i u m  has the  lowest bo i l ing  point of a l l  elements. Table 1 groups together 

those elements having t h e  lowest bo i l ing  temperatures a t  atmospheric pressure. 

TABLE 1 

Element Boiling Corres- Spec i f ic  Latent hea t  Letent hea t  
point at pondi n g grav i ty  of vapori- of vapori- 
standard centesimal i n  l i qu id  za t ion  za t ion  
pressure temperature s ta te  
(degrees 
absolute) 

O K  O C  9/1 i t er cal/g cal / l i  ter 

- 50 c 100 
H e l i u m  4 4.2 - 268.9 1 25 4.9 610 
H e l i u m  3 3 -2 - 269.9 - 
Hydrogen 20.3 - 252.8 71 108 7,700 
Deuterium 23 .6 - 249.5 I63 72.5 11,800 

Neon 27.1 - 246 1 , X i  2Q.7 24,700 

Trit ium 
( rad ioac t ive)  25 - 248.1 255 55 14 ,OOO 

Nitrogen 77.3 - 195.8 ma 47.6 38,400 

I t  is possible t o  reduce t h e  boi l ing  temperatures shown by decreasing t h e  L15 
equilibritrm pressure of t he  gas which is found i n  convact with t h e  l iqu id .  

Nevertheless, s o l i d i f i c a t i o n  of t h e  l i qu id  occurring as a r e s u l t  of r e l a t i v e l y  

small temperature reductions p laces  a l i m i t  on this. 

In  the  case o f  helium 4 C451 t o  C471, the re  appears a new phecomenoq i n  the  

v i c i n i t y  of 2' K: 

found t o  be l i t e r a l l y  sucked up by t h e  pumps intended f o r  lowering t h e  pressure. 

Below 1.2O K it w i l l  then have t o  be replaced by its isotope heliwn 3 C4olC483, 
although t h i s  latter is very rare and d i f f i c u l t  t o  handle. 

more, t h a t  p resent ly  there  is no advantage i n  dropping too f a r  i n  t-peratures 

4 

superfluidity.  The helium acquires a zero v i s c o s i t y  and is 

It appeare, further- 



s ince  the  cr i t ical  f i e l d s  of t he  mater ia l s  now used do not increase  much when 

zero temperature i s  neared C31 t o  C71, whereas t h e i r  thermal conduct iv i t ies  

and c a l o r i f i c  capac i t i e s  decrease considerably C381 1391 C421 1441. 

On t h e  contrary,  i f  it w e r e  desired t o  reach temperatures greater than 

those shown i n  Table 1, it would be possible t o  increase  t h e  pressure. On a 

p rac t i ca l  basis, it js preferab le  t o  s l i g h t l y  hea t  up t h e  c i r c u i t  by supplying 

it with a su i t ab le  heat f l u x  i n  such a manner as t o  keep it a t  an equilibrium 

temperature greater than t h a t  of t h e  cooling f lu id .  

In  r e a l i t y ,  as shown i n  Table 1, helium is the  only f l u i d  which can be used 

on a p r a c t i c a l  bas i s  t o  produce temperatures c l e a r l y  below 18" K. 

ou ts ide  temperature ( f o r  example, 3W°K, i-e,  27°C) 

l i qu id  boi l ing  nitrogen (77°K) 

gaseous helium at  atmospheric P res sme  
coming from vaporization of t he  l i qu id  

l i qu id  boi l ing  helium ( 4 . 2 O K )  i n  which 
/ t he  c i r c u i t  t o  be cooled is d i r e c t l y  immarsed 

D e w a r  ve s se l s  

vacum 

Figure 1, 

The l i qu id  helium is placed i n  a so-called ' 'cryostatt1 container made up i n  

r e a l i t y  by a system of D e w a r  ves se l s  e spec ia l ly  designed to reduce t o  t h e  mini- 

m m  the  contribution of c a l o r i e s  coming from %he outside. 

c ryos ta t  using a bath of l iqu id  nitrogen which keeps an intermediate temperature 

of 77OK around the  helium Dewar .  

t h e  l iqu id  nitrogen bath a 'lsuperinsulatingll thermal screen ( t h u s  simplifying 

handling and making t h e  c ryos ta t  less bu.?ky, l i g h t e r  and more s o l i d )  o r  even t o  

cause the  still  cold vapors of helium to  c i - c u l a t e  around the  D e w a r  h e l i m  

vessel. 

Figure 1 shows a 

The present-day tendency is t o  s u b s t i t u t e  f o r  

Formerly, many cryostats w e r e  m d e  of glass. However, t h i s  material is 

qu i t e  b r i t t l e  and is present ly  being replaced by ~ t a i n l ~ ~ e s  steel which is a 
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poor heat conductor a t  very low temperatures and usable as f o i l s  with very small 

thicknesses. In  order  t o  avoid appearance of cur ren ts  induced i n t o  the  mass 

i t s e l f  of t he  c ryos ta t  during discharge of t he  superconducting c i r c u i t s ,  it 

appear,a appropriate t o  concentrate on the  use  of mater ia l s  which a r e  very 

poor conductors of the  e l e c t r i c a l  current  or have in su la t ing  proper t ies  C491. 
On the  other  hand, t he  geometrical shape of t he  cryostats is adapted t o  those 

of t he  c i r c u i t s  t o  be cooled ( f o r  example, t o r i c  c ryos ta t s ) .  

hel iun c i r cu la t ion  devices were produced which allow the  loca l  cooling of j u s t  

t h e  required p a r t s  of t he  c i r c u i t s  1501 C511 1523. 

I n  some cases, 

Liquid helium is produced by l iquefac t ion  of t he  gas by means of r e f r ige ra -  

t i n g  p l an t s  still ca l l ed  'l1iquifiers1l 1431. 
t ranspor t  t he  l iqu id  up t o  the  c ryos ta t  of use. 

gerators" can be used. "ke l a t t e r  cause the  cryogenic f l u i d  t o  descr ibe a 

d i r e c t l y  closed c i r c u i t  i n  t he  cryostat .  

It is then general ly  necessary t o  

Instead of l i q u i f i e r s ,  " r e f r i -  

The useful r e f r ige ran t  energy of t he  cryogenic f l u i d  includes the  l a t e n t  

heat of vaporization of t he  l iqu id  (Table 1) plus t h e  heat  of reheat ing the  gas 

t o  t he  temperature a t  which it is evacuated. 

Figure 2, taken from reference C501, provides d i r e c t l y  for a consumption of 

1 l i t e r  per  hour of d i f f e r e n t  cryogenic f l u i d s ,  i n i t i a l l y  i n  the  l i qu id  s t a t e ,  

and as a funct ion of t he  evacuatibn temperature of t he  gas ,  the  operating 

power col lected expressed i n  w a t t s .  

For information purposes, 

This r e f r ige ran t  energy is used: 

1. t o  i n i t i a l l y  lower the  temperature of t he  superconducting c i r c u i t  t o  

its temperature of use ( t h i s  operation is car r ied  out  slowly i n  order 

t o  improve heat exchanges and t o  avoid subject ing the  c i r c u i t  t o  ther-  

m a l  shocks); 

when t h i s  temperature is reached, t o  compensate f o r  losses  from the  

c ryos ta t  (oince the  Joule e f f e c t  i s  zero i n  the  superconductor). 

2. L18 

Let u s  r e c a l l  t h a t  these lo s ses  take place C531 by: 
- convection of t he  gas contained i n  the  cryostat ( I t  should also be 

pointed out  t h a t  t he re  is convection of t he  gas which w a s  ab le  t o  en te r ,  

by d i f fus ion  through the  w a l l s ,  i n t o  the  in su la t ion  chambers which should 

stay under vacurrp.). 
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- theimal conduction ( w a l l s  of t he  c ryos t a t ,  supports f o r  the  c i r c u i t ,  

various connections...). 

- r ad ia t ion  ( these  lo s ses  a r e  reduced by means of r e f l e c t i n g  screens kept 

a t  intermediate temperatures). 

Watt f o r  1 l /hr  

Temperature ( "K) 
Figure 2. 

I f  superconductors with higher c r i t i c a l  temperatures were t o  appear, - /19 
t h i s  would allow use of cooling f l u i d s  with higher boi l ing  temperatures, thus 

making the  cooling easier .  

Figure 2 show t h a t  a t  atmospheric pressure,  f o r  example, t he  r e f r ige ran t  p o w e r  

of the  d i f f e ren t  cryogenic f l u i d s  is generally (except i n  the  case of nitrogen) 

grea te r  as t h e i r  bo i l ing  temperature rises. On t he  o ther  hand, s ince the  devi- 

a t i o n  of temperature with the  ambient temperature is smaller, the  t o t a l  l o s ses  

from the  c ryos ta t  are probably less .  

Indeed, t he  last column of Table 1 as w e l l  as 

Our present tendency is to concentrate our a t t en t ion  on a r e f r i g e r a n t  

device which can automatically ensure, and with every sa fe ty  (by avoiding 

vlthermal shocks"), t he  progressive r e f r ige ra t ion ,  keeping cold and r i s e  i n  

temperature i n  the  superconductor c i r c u i t .  
- . .. -*I- .. k ~ -. ,- --% 
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3 .  The Winc ip le  of Use of Superconductors fo r s to rage  and Discharge of Energy 

Gaseous helium 

Liquid nitrogen 

f b y y t  a t  

Liquid he1 ium 

Figure 3 . 
Legend 

G C w r  ent  generat o r  

Rh Rheostat 

A Ammeter 

Impedance of use 

K K Switches 
1’ 3 

Supraconductor switch 
K2 

A superconducting c i r c u i t  with s e l f  induction coef f ic ien t  L t raveled by a L23 
current  I s to re s ,  j u s t  as i f  it were made up from conventional conductors, an 

elac&omagne%ic energy W which can be expressed c541 C551 (P. 6-1). 
_ _  

(1 1 2 w = 112 L I  

W e  shall see ,  on the  other  hand, i n  the  following what new c a p a b i l i t i e s  

a r e  contributed by the  superconductors. 

a 



Figure 3 diagrams a c iPcu i t  allowing, s t a r t i n g  frob; an e l e c t r i c a l  generator 

G,  energy t o  be s tored  i n  a c o i l  L ,  then t o  r e l ease  t h i s  energy i n  a use c i r c u i t  

with impedance 2 . 
The p r inc ip l e  of operations is t h e  following: 

Only t h e  c i r c u i t  A ,  Kat B, L A can be superconducting. 
U 

1) when c o i l  L i s  superconducting and switches K and K open, switch 
2 3 

K is closed. By means of DC generator G and rheos t a t  R h ,  t h e  cur ren t  i n t o  

c o i l  L is progressively increased t o  reach a given value I . An energy 

W = 1/2 L I  

1 

0 2 is then found t o  be s tored  i n  c o i l  L. 
0 0 

2) curren t  3 is kept constant. The d i f re rence  i n  p o t e n t i a l  between 
0 

po in t s  A and B a t  t he  c o i l  terminals can be expressed: 
dIo V = r I  + L -  

0 d t  ' 

Now: s ince  t h e  c o i l  i s  superconducting, i t s  re s i s t ance  r i s  zero; s ince  

cur ren t  I is kept constant t h e  t e r m  dI, is zero. The d i f fe rence  of po ten t i a l  
0 d t  

V is the re fo re  zero and po in t s  A and B have t h e  same po ten t i a l .  It is then /24 

poss ib le ,  without changing cur ren t  I 

and B by c los ing  switch k 

t r ave l ing  through t h e  c o i l ,  t o  connect A 
0 

2 -  
3 )  s ince  t h i s  switch i s  superconducting i t s  resistance is zero. If,  

i n  addi t ion ,  its coef fec ien t  of s e l f  induction is zero,  it w i l l  be poss ib le  t o  

progressively drop t o  zero t h e  cvr ren t  throughputted by generator G without any 

d i f fe rence  i n  po ten t i a l  appearing between A and B. The generator G w i l l  then be 

switched of f .  

By wr i t i ng  t h a t  t h e  d i f fe rence  i n  po ten t i a l  between po in t s  A and B a t  t h e  

c o i l  terminals remains zero,  it follows tha t :  
dIo r I  0 + L - = D  d t  

and s ince  the  r e s i s t ance  r of t h e  superconducting c i r c u i t  i s  zero, it remains: 

(4 1 dI0 
d t  

L - = o  

whence it f u r t h e r  follows tha t :  

I = constant 
0 

i.e., t h e  cur ren t  I i r d t i a l l y  trapped i n  t h e  c o i l  has not changed. The i n i t i a l  

energy W remains trapped i n  t h e  superconducting c i rcu i t  closed on i tself .  
0 

4 )  i n  order t o  release t h i s  energy i n t o  impedance of use Z t h i s  i m -  
U' 

pedance w i l l  be connected by c los ing  switch $, then t h e  superconducting switch 

9 



K w i l l  be opened. The trapped current w i l l  then f low in to  impedance 2 

whence the corresponding energy w i l l  be dissipated. 
2 u 

In the fol lowing,  w e  are going to examine more i n  d e t a i l  the main problems 

re la t ing  to  these d i f ferent  operations. 
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4. The Charging of Energy 

This charging can be car r ied  out  by means of an outs ide  generator d i r e c t l y  L27 
supplying the  DC current required as shown i n  Figure 3. 

e l e c t r i c a l  connections. 

This r equ i r e s  use of 

It i s  a l so  poss ib le ,  as w i l l  be seen below, t o  ca r ry  out  intermediate 

transformations of energy and even do away with any mater ia l  e l e c t r i c a l  connec- 

t i o n  with t h e  energy s torage  c i r c u i t .  

4.1. The electrical connections: 

They should a t  the  same t i m e  be good conductors of t he  e l e c t r i c a l  current  

i n  such a way as t o  reduce the  Joule e f f e c t  during charging and poor conductors 

of heat  i n  order t o  avoid contr ibut ing by thermal conduction too much c a l o r i f i c  

energy i n t o  t h e  c ryos ta t  C563 c571. 

L e t  us consider a connection with length 1 whose sec t ion  s(x)  is a funct ion 

of abscissa  x and whose ends are respec t ive ly  a t  temperatures T 

genic device and T of t h e  outs ide  environment ( f i g .  4). 

of t h e  cryo- 1 

2 

Disregarding the  q u a n t i t i e s  of hea t  exchanged by r ad ia t ion  and convection 

we a r e  going t o  ca l cu la t e  successively: 

1 )  t h e  c a l o r i f i c  energy re leased  by the  Joule e f f e c t  w during durat ion 

T of charging: 
C 

I .  
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Figure 4. 

/ 2 9  
i n  which: 

- r t o t a l  r e s i s t ance  of t he  connection 

P(T) e l e c t r i c a l  r e s i s t i v i t y  of t he  material making up the  connection 
3 

(as a function of temperature T) 

1 ( t  e l e c t r i c a l  current  . 
2) t he  c a l o r i f i c  energy contributed by thermal conduction w '  during 

t o t a l  duration 7 of t he  operation: 
U 

3 T  u' -1' c ( T )  d x )  d t  (6) 
i n  which u (1) is the thermal conductivity of t he  material forming the  connec- 

t i on ,  a s  a funct ion of temperature. 

3 )  t o t a l  c a l o r i f i c  energy W: 

It should be made minim-. NOW, i n  erpressione ( 5 )  and (6): 
a )  a(x) becomes a f ac to r  i n  reverse;  

12 



b) length 1 of the  connection becomes a f ac to r  i n  re?'erse ( s ince  

the  higher 1 becomes, the  higher the numerical value of w and, T 
being given, t he  lower the  values of - i n  w l ) ;  

c )  

and T2 1 aT 
ax 

i n  the  case of A metal a t  a given temperature p (T)  and o(T) 

vary i n  reverse  ( i n  r e a l i t y  these two quan t i t i e s  are connected by the  Wiedeman- 

Franz ru le :  - P ( t  )z T 

i n  which k i s  the  Boltman conatant and e t h e  e lec t ron  charge). 

A t  t he  most it w i l l  therefore  no longer be possible  t o  reduce w without L30 
increasing w 1  and v i ce  versa. 

t o  t he  bes t  compromise i n  t h e  se l ec t ion  of t h e  nature  of t he  material, i t s  Shape 

and size, its arrangement and corresponding temperature gradient.  Different  

materials can furthermore be simultaneously used i n  such a way as t o  make 

minimum the  value of W Given by expression (7). Indeed, i n  order  t o  connect 

the  temperature t o  abscissa  x and t i m e  t ,  the re  should be taken i n t o  account 

those energies exchanged by r ad ia t ion  and convection. 

multiparametric and d i f f i c u l t  t o  determine. 

The optimization of the  connections corresponds 

Optimization i s  therefore  

2 A t  any rate,  t h e  funct ion I (t) which becomes a f ac to r  i n  the  expression 

of w assumes values which become higher proport ional ly  as the  value of t he  

m a x i m w n  cur ren t  I t o  be establ ished reaches higher f igures .  In  order  t o  avoid 

an excessive increase of w,  it appeared appropriate  t o  use values  which were 

proport ional ly  higher f o r  t he  sec t ion  s(x )  which became a f ac to r  as a denominator. 

This leads t o  an increase of w '  as w e l l  as an increase of W. 

0 

The r e s u l t  is  t h a t  t he  connections tu rn  out  t o  be more d i f f i c u l t  t o  use 

when t h e  m a x i m u n  i n t e n s i t y  I 

With the  present mater ia l s ,  t he  ffoptimizationff of r e l a t i o n  (7) already provides 

considerable c a l o r i f i c  energies  as soon as the  cur ren ts  reach several  thousands 

of amperes. 

of t he  cur ren t  t o  be t ransported becomes higher. 
0 

When, on the  contrary,  t h e  connections are not perfecyly ffoptimized,ff 

t h e i r  c a p a b i l i t i e s  become very quickly reduced. W e  are going t o  see it using 

a simple example i n  which sec t ion  s of the  connection is constant  with 

1' subjected t o  a tmpera tu re  d i f fe rence  T i  - Ti. 
It  is assumed t h a t  temperature d i f fe rence  T '  2 1  - TI is small enough 

there  could be considered i n  t h i s  i n t e r v a l  mean values  pm and Qm f o r  p 

a length 

eo t h a t  

and 6. 
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In  t h i s  case,  expression (7) becomes: 

Its first der iva t ive  dw/d(lt/s) is zero f o r  +-{W 
d 2W - z 

Its s e c  md der iva t ive  ,-~(c) is i n  t h i s  case, pos i t ive .  Consequently, t h i s  
S 1' value of c corresponds c lose ly  t o  a m i n i m u m  f o r  W. 

1' 1' seen with (8) t h a t  f o r  9 = 0 it follows t h a t  W = 0 and f o r 7  

t h a t  W = 0, 

passes through a minimum). 

(Furthermore, it could be 
8 

= = it follows 

Between these  two e x t r a ?  values of L', t h e  value of W ,  therefore ,  
S 

and, i n  t h i s  case, it follows t h a t  w = w f .  

When the  charging of energy i s  ca r r i ed  out  with d1 constant tL?d c a l l i n g  a€ 
I t h e  m a x i m u m  cur ren t  t o  be charged, i t  follows tha t :  
0 

(11 1 4 1  - I I ,  Eo 
d t  co 

whence: 

Now, Ti - T' as w e l l  a t  T 

been se lec ted ,  i.e. t he  one providing t h e  minimum value with the  product pm om, 

it can be seen i n  t h i s  example t h a t  t he  minimun of c a l o r i f i c  energy W 

increases  proport ional ly  t o  the  cur ren t  t o  be charged I . 

and T~ are set and once t h e  bes t  material has 1 U 

min 

0 

I n  r e a l i t y ,  t h e  values of sec t ion  s ( x )  w i l l  be ftoptimizedtl as a funct ion 

I n  some cases, d i f f e r e n t  materials w i l l  even 
/32 - 

of the  abscissa  ( r e l a t i o n  (7 ) ) .  
be used. In  a l l  cases ,  t he  r e f r ige ran t  energy still contained in the  helium vapor 

w i l l  be recovered i n  order  t o  cool o f f  t h e  connections before i t s  r m v a l  from 

t h e  c ryos ta t  C581. 

I n  spite of a l l  these  hprovements,  as soon as it concerns the  d i r e c t  

introduct ion i n t o  t h e  cryostat of high cu r ren t s ,  a l imi t a t ion  i s  quickly 

reached of t he  quant i ty  of c a l o r i f i c  energy contributed. 

appropriate  in t h i s  case to seek othei. eolutionn. 

It appears more 
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4.2. Dynamos and generators: 

Generally concerned here a r e  "cryogenic" versions o r  "superconducting" 

vers ions  of conventional machines known under the  same name (c f .  P. 4 . 5 ) .  

These dynamos and generators C591 t o  C621, whose induced c i r c u i t  is generally 

superconductiiig, allow transformation of a ro t a t iona l  mechanical energy i n t o  

e l e c t r i c a l  energy. 

di.rectly i n t o  the superconducting c i r c u i t  . 
It  i s  possible t o  produce i n  t h i s  way in tense  cu r ren t s  C601 

The mechanical energy can be introduced i n t o  t h e  c ryos t a t  i n  various 

waylel, f o r  example: 

- using a mechanical shaft. The l a t te r  can transmit the  required power 

with a high torque and low r o t a t i o n a l  ve loc i ty ,  o r  w i t h  a low torque and a high 

ro t a t iona l  velocity.  T h i s  last cese allows using a s h a f t  w i t h  smaller c ros s  

sec t ion  but can r equ i r e ,  011 t h e  o ther  hand, i n  the  low temperature region, a 

v e l o c i t y  reduction gear C731 avoiding i n  t h i s  way exposing superconducting 

windings t o  too high-speed var iab le  modes of operation C131 o r  pu t t ing  helium i n  

motion a t  too great a velocity.  

- o r ,  using an electromagnetic coupling between t h e  cold region of t h e  

c ryos t a t  and the  outs ide  C731. 
- o r ,  using an "electrical shaft," simple e l e c t r i c a l  l i n e  allowing in t ro -  

duction of t h e  required power with a lower cur ren t  and higher voltage and 

supplying a motor, coupled mechanically i n  the  low temperature region t o  the  

superconducting generator C733. 

- /33 

4.3. F l u  pUml;p: 

A t yp ica l  &xample of flux pump is provided i n  re ference  C63j. I n  r e a l i t y ,  

i n  s p i t e  of appearances, t h i s  work only concerns constructional and operational 

d i f fe rences  r e l a t i n g  t o  dynamos and generators which w e  have j u s t  spoken of abovee 

Furthermore, s o m e  f l u x  plrmps are j u s t  l ike others. I n  a l l  cases, the bas ic  

p r inc ip l e  used i s  t h e  same. 

IookinrJ a t  an unaccustomed s i t u a t i o n  beforz using superconductors (P. 6.5) .  

The term "flux punpl' only r e s u l t s  from a way of 

Many s tud ie s  concerning these  der icea  w i l l  be found i n  technica l  l i terature 

[59] [a] and [623 t o  C661. 
Each cycle allows introductioit of a magnetic f lux (i.e. a cu r ren t )  i n t o  t h e  

closed superconducting c i rcu i t .  This closed circuit  is never closed during 

The latter allow carrying out  consecutive cycles. 
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operation. 

been trapped during previous cycles. These pumps, furthermore, can operate 

equally w e l l  introducing, on a progressive b a s i s ,  Q magnetic f l u x  i n t o  a 

superconducting circdit  as removing a magnetic f lux from the  l a t t e r .  

This allows preservation of t h e  f l u x  (hence the  cu r ren t )  which has 

I t  is poss ib le  t o  characterize:  - / 3 4  
- mechanical f l u x  pumps using a magnet (permanent magnet, conventional 

electromagnet, superconducting lbnagnetll...) mechanically actuated. This magnet, 

when it is not superconducting, can a l s o  be placed i n  a non-cooled zone C671 
outs ide  t h e  c ryos ta t  which removes any mechanical connection between the  hot 

p a r t s  and the  cold par t s .  

- s t a t i c  f l u x  pumps i n  which t h e  mobile f i e l d  ( s l i d i n g  f i e l d ,  r o t a t i n g  

field...) ins tead  of being created by a mechanical movement is produced elec- 

t r i c a l l y  by means of var iab le  cur ren ts  t r a v e l l i n g  through t h e  s t a t iona ry  

windings ( o r  inductors) su i t ab ly  arranged i n  t h e  space. The maximum i n t e n s i t y  

of t he  inducting current can be reduced with a corresponding r ise i n  voltage. 

It  i s  poss ib le ,  as above, t o  arrange t h e  inductors ou ts ide  of t he  c ryos t a t  i n  

order t o  remove a l l  materia: connection with the  cold par t s .  It i s  poss ib le ,  

on the  contrary,  t o  a l so  use snpercmducting inductors. 

I n  many designs, t he  configuration u s 4  does not allow production of a 

good magnetic couplrng between t h e  inducting c i r c u i t  and the  induced c i r c u i t ,  

necessarily leading to l a rge  losses of energy. However, one of t h e  chief 

causes of losses  lis coonuon to t h e  f l u x  PIXIPS and dynamos and generators j u s t  

discussed (P .  4.2) when they are used as described i n  technica l  l i terature  t o  

charge a c o i l  superconducting use c i r c u i t .  This cause of losoes has a funda- 

mental origin.  It  comes from t h e  degradation of energy occurring a t  t h e  time 

of i ts  t r a n s f e r  from the c o i l  inducting c i r c u i t  i n t o  t h e  c o i l  use c i r c u i t .  The 

r e s u l t s  of t h e  ca lcu la t ion  ca r r i ed  out i n  P 7.3.2 can more p a r t i c u l a r l y  be 

applied t o  t h e  flux punpa which w e  have j u s t  described. 

these devicee, such as they are preeently used, w i l l  not be s u i t a b l e  f o r  

charging l a r g e  amounts of energy i n t o  c o i l  use c i r c u i t s ,  s ince  t h e  energy 

released i n  the  f0.m of hea t  is i n  t h i s  case too great i n  absolute value. 

We s h a l l  see i n  P 4.4 a way of avoiding this d i f f i c u l t y .  

For t h i s  reason, - /'3 5 
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4.4. The use of s t a t i c  transformers: 

It  is poss ib le  t o  introduce energy i n t o  the  c ryos t a t  by means of only 

s l i g h t l y  in tense  currents.  They are transformed into more in tense  cu r ren t s  

i n s ide  t h e  c ryos t a t  by means of transformers. 

been t h e  subjec t  of experimentation C681. 
transformers whose secondary a t  least is superconducting and which have no 

r .  igrletic c i r c u i t .  Indeed, t h e  present ly  known magnetic materials, owing t o  

t h e i r  s a tu ra t ion  with r e l a t i v e l y  low inductions,  would not allow use of t h e  very 

high cr i t ical  f i e l d  of t h e  superconductors C701. By removing t h e  magnetic cir-  

c u i t ,  t he  lo s ses  of which it is probably the  cause is removed and t h e  c i r c u i t  

is unburdened. On t he  o the r  hand, precautions have t o  be taken to produce a 

good coupling between primary and secondary 1701 c711. 

Such transformers have already 

It is then advantageous t o  u t i l i z e  

Nevertheless, when t h e  use c o i l  is l a rge ,  such a transformer could not 

allow introduction of very high cu r ren t s  C681 and C701. 
transformer is caused t o  operate l i k e  a f l u x  punp by carrying out  consecutive 

cycles by mean.” of switches C611 and 1693. 
as discussed i n  P. 4.3, by car ry ing  out  exclusively switchings allowing 

revers ib le  energy t r a n s f e r s  1701 C70al and 1721 (such a process can e a s i l y  be 

extended to some flux punps, e.g., t h e  mechanical p i s ton  p m p  already mentioped 

i n  reference C631 and which is  a l s o  described i n  re ference  C51.1 I n  order t o  

avoid any l n s s  of energy, switches are add i t iona l ly  used which are completely 

superconducting when they are closed. 

I n  this case, the  

The degradation of energy is removed, 

I n  t h e  case of t he  s t i t i c  transformer, t h e  lo s ses  are then only caused by L36 
the  power pupply connections. If a s u i t a b l e  transformation were used, it would 

be possible t o  reduce these  lo s ses  t o  a minimm by using a s u f f i c i e n t  low power 

supply current. To this should be added t h e  energy required f o r  cont ro l  of t h e  

switches. 

405. Comnent: 

In  r e a l i t y ,  t h e  technica l  Literature appears t o  show some degree of con- 

fusion between dynamos and superconducting generators, f lux pumps, devices using 

s ta t ic  transformers, r e c t i f i e r s  o r  switches. 

converters of energy which allow introduction of a magnetic f l u x  or electrical 

currect (which amounts t o  t h e  same t h ing ) ,  i.e. an electrical  energy i n t o  a 

superconducting circ:iit.  

I n  t h e  end, all these  devices are 

It would c e r t a i n l y  be preferab le  to discriminate between 



the devices  supplying t h i s  electrical energy beginning from a mechanical 

en*:gy and those which supply it beginning from an e l e c t r i c a l  energy. 
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5. The Trapping of Energy 

Depending on the  charging method used, various conditions were found t o  

be true.  We a r e  going t o  examine the  various cases. 

5.1. Charging w a s  car r ied  out by means of an outs ide  generator: 

When t h e  superconducting c i r c u i t  is found t o  be open, it is  f i r s t  of a l l  

necessary t o  c lose  it. For t h i s  purpose, a ttswitchtt is used which is i n s t a l l e d  

a t  i ts  terminals. This switch should be superconducting when it is closed i f  

d i s s ipa t ion  of energy after its closure is t o  be avoided. 

junctions ( i f  any) t o  t h e  superconducting c i r c u i t  should be superconducting. 

Likewise, i ts 

Once the  switch has beel closed, it is poss ib le  t o  r e t u r n  t o  zero the  

W e  are going t o  see t h a t  t h i s  current supplied by the  generator (P. 3.3). 

current should nevertheless bo very progressively reduced f o r  i f ,  a t  t h e  i n s t a n t  

a t  which t h e  switch i s  closed, t h e  current passing through it is zero,  ‘ t h e  d i f f e r -  

ence 

up t o  the  value of the  s tored  cur ren t  t o  the  ex ten t  which t h e  cur ren t  supplied 

by the  generator is retui-ned t o  zero. 

i n  po ten t i a l  a t  i ts  terminals being ze ro ) ,  t h i s  cur ren t  rises progressively 

a3 L 
B 

Figure 5. 
Legend 

IG = curren t  supplied by t h e  generator 

2 
I 

I = curren t  passing through t h e  s torage  c o i l  

= current passing through switch K K 

Indeed, l e t  us  consider t h e  diagram shown i n  Figure 5 (corresponding t o  t h e  

c i r c u i t  of Figure 3 ) :  applying t h e  Kirchoff equations t o  t h i s  c i r c u i t ,  w e  have 

K node A: I = I G + I  

( t h e  pos i t i ve  d i r ec t ions  are those shown i n  Figure 5) 
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and LdI = 0 - 
d t  

(14) 

( f o r  t he  superconductin& K switch does not show e i t h e r  c o i l  2 
o r  r e s i s t ance  between A and B) 

From (14) 

i n  which I is 

2' closure of K 

From (13) 

0 

it follows tha t :  

I = const. = I O  (15) 
t h e  value of t h e  cur ren t  i n i t i a l l y  trapped i n  the  c o i l  during 

it follows tha t :  

I = I  + I  o G K' 
With the  conventions of s igns  of Figure 5, i t  i s  t r u e  tha t :  

IO 

IG c 0 

a t  t h e  i n i t i a l  i n s t a n t  

whence it follows t h a t  

a t  t h e  f i n a l  i n s t a n t  

IG = 
IK = 0 

whence it follows t h a t  I = I . K O  

(16) 

Figure 6. 
Current I i n  t h e  switch therefore  passes from the  value zero t o  t h e  value K 

Io, this requi r ing  t h e  slow lowering of t h e  current supplied by t h e  generator 

i n  such a manner as t o  avoid values of 9 which would be too high i n  t h e  super- 
d t  

conductor making up the  switch. For example, i f  operations were ca r r i ed  out  

with a constant a, a diagram of t h e  cu r ren t s  as a function of t i m e  t would be 
d t  

produced such as the  one shown i n  Figure 6. 
w i l l  have t o  be determined i n  each case. 

Indeed, t he  optimum r u l e  of v a r i a t i o n  

When t h e  switch has a not inconsiderable self induction c o e f f i c i e n t ,  t h e  

Kirchoff equation (14) r e l a t i v e  t o  t h e  l i n k  formed by t h i s  switch and t h e  

storage c o i l  becomes: - 

dt (17) 



i.e. by removing I by means of (13): K 

o r  again 

Therefore, during t h e  drop i n  cur ren t  supplied by the  generator,  t h e  

i n t e n s i t y  of t he  cur ren t  i n  t h e  s torage  c o i l  is going t o  be reduced propor t iona l ly  

In  t h e  case of L2 = 0, it is found t h a t  t h e  cur ren t  i n  t h e  to t h e  r a t i o  - 
storage c o i l  remains constant. 

L2 
L+Lz 

It i s  nevertheless poss ib le  t o  use a switch which is not superconducting. 

I n  t h i s  case ,  i n  order f o r  t h e  corresponding d i s s ipa t ion  not t o  be too  trouble- 

some, it is necessary f o r  t h e  t i m e  cons t an t -  , determined by s torage  c o i l  L 

and t h e  r e s i s t ance  R = R of t h e  closed switch, t o  be l a r g e  enough with 2 0  
respect t o  t h e  duration of energy s torage  (P, 7.5). 

L 

RO 

5.2. Charging w a s  ca r r i ed  out  by m e a n s  of an i n s ide  generator: 

Whether o r  not this generator i s  a dynma, generator, f lux punp o r  a 

s ta t ic  transformer : 

- i f  i t s  secondary c i r c u i t  is superconducting, t h e  energy s torage  c i r c u i t  

is always found t o  be closed by t h i s  superconducting c i r c u i t ;  

- i f  i t s  secondary c i r c u i t  is not  superconducting, a r e t u r n  is made as 

before t o  t h e  introduction of a d i s s i p a t i v e  t i m e  constant i n t o  t h e  s torage  

c i r c u i t ,  

h a l t s ,  r ec loses  t h e  energy s torage  c o i l  on i t s e l f .  

A superconducting switch can always be added which, when the generator 

6. The Storage of Energy 

When t h e  c i r c u i t  i s  completely superconducting, it is poss ib le  i n  t h i s  

way t o  preserve t h e  trapped energy on an i n f i n i t e  basis.  

superconductor is a second class material and when it is used i n  the  v i c i n i t y  

of its critical c h a r a c t e r i s t i c s ,  it is  possible t o  observe E361 a s l i g h t  

decrease i n  t h e  trapped cur ren t  as a function of t i m e .  

Indeed, when t h e  

- /43 

21 



6.1. Expression of stored energy: 

The s tored  energy may be s ta ted :  

dv i s  t h e  component of r e l a t i v e  permeability cur ren t  

wr i t t en  again L r2 (20) 

volume p where induction B r 
p reva i l s  a s  created by the  superconducting c i r c u i t ,  v represents  a l l  t h e  space 

encompassed by t h e  magnetic induction, LL t h e  absolute permeabili ty of t he  

vacuum . 0 

The second expression has already been given by formula (1). I t  

amounts t o  disregarding t h e  energy trapped i n  t h e  superconductor i t s e l f .  This 

trapped energv is always s l i g h t  i n  t h e  case of energy s torage  c i r c u i t s  i n  which 

the  vo lme  occupied by the  superconductor i s  small i n  con t r a s t  t o  t h e  volume 

of space encompassed by magnetic induction. 

class (P.1) w e r e  used, t h i s  energy trapped i n  t h e  material with t h e  super- 

conducting state would be s t r i c t l y  zero s ince  it w a s  seen i n  P. 1 t h a t  induction 

i n t o  t h e  material  w a s  zero. I n  r e a l i t y ,  t h e  materials used w i l l  be super- 

conductors of t h e  second class owing t o  t h e i r  much higher cr i t ical  f i e l d s .  

S t i l l  t h e  energy trapped i n  the  material w i l l  remain very s l i g h t  i n  our appli-  

cations. 1 

(If superconductors of t he  f i r s t  

On the  o ther  hand, s tored  energy W can be i ixluded between zero and a 

very high upper boundary which i s  d i f f i c u l t  t o  calcu’ate a t  t h e  present t i m e .  

6.2. Se lec t ion  of L and I: - /44 
Since energy W is set ,  w e  are going t o  see t h a t  it is poss ib le  t o  a r b i t r a r i l y  

select e i t h e r  t h e  value of c o i l  L o r  t h a t  of curren t  I. Once a se l ec t ion  has 

been made of t he  geometrical shape of t h e  s torage  c i r c u i t ,  i ts outs ide  dimen- 

s ions  are then only a function of t h e  s tored  energy. 

Indeed, once a c i r c u i t  has been assumed as produced, t he  r e s u l t  is t h a t  

t he re  is i n  each basic domain of space M (Figure 7) a s p e c i f i c  value of t he  

induction vector B, i.e. according to r e l a t i o n  (a), a s p e c i f i c  value of t h e  

t o t a l  stored energy. 

t he  c i rcui t .  

magnetism, t h e  c i r cu la t ion  of vector B along circumference ( C )  is equal t o  t h e  

-b 

L e t  us consider any closed c i r cmfe rence  ( C )  surrounding 

According t o  t h e  Maxwell equations governing t h e  l a w s  of e lec t ro-  
+ 
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f l u x  of cur ren t  I across  any sur face  (SI being dependent on t h i s  circumference. 

This f l u x  is t h e  same i f ,  without modifying the  s p a t i a l  d i s t r i b u t i o n  of t he  

cur ren t ,  it is  assumed t h a t  t h e  t o t a l  cur ren t  is broken up i n  N streams with 

respectiv-. i n t e n s i t i e s  1. independently of t h e  f a c t  t h a t  these streams flow 

through or not a same conductor. Induction B a t  any poin t  whatsoever of space 

does not change and t h e  same is t r u e ,  according t o  (201, of t h e  s tored  energy. 

N + 

Figure 7. 
i r r e spec t ive  of N (with N = 4 on t h e  f igure) .  

Therefore, B is independent o f  N. 
-B 

The r e s u l t  is t h a t  i f  a c o i l  c i r c u i t  L t rave led  through by a curren t  I - /45 
s t o r e s  an energy whose value is provided by the  second expression (a), a 

c i r c u i t  formed by N t i m e s  more of windings, each one t rave led  through by a 

cur ren t  N times w e a k e r  but having t h e  same geometrical shape and the  same outs ide  

dimensions, w i l l  s t o r e  t h e  same energy. I t  w i l l  therefore  follow by designating 

b y A  t h e  c o i l  of t h i s  new circui t :  
w - ;  -LIP . p (if 

i.e.: 
2- 2 - L  

(21 1 

(22  1 

Consequently, s ince  an energy W is set  and t h e  form of t h e  s torage  c i rcui t  

se lec ted ,  ne i the r  t h e  outs ide  dimensions of t h i s  c i r c u i t  nor t h e  iwiuction 

produced a r e  a function of t h e  value of t h e  c o i l  o r  storage current t h a t  has been 

selected. A choice can therefore  a r b i t r a r i l y  be made, e i t h e r  L or I. 

6.3. S t a b i l i t y  of c i r cu i t :  

A circuit s t o r i n g  l a r g e  energy d e n s i t i e s  would be as aangeroue as it would 

be less s tab le .  
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A l l  the  methods cur ren t ly  used t o  s t a b i l i z e  windings of magnetic f i e l d s ,  

consis t ing i n  shor t  c i r c u i t i n g  tu rns  o r  sec t ions  of windings, a r e  t o  be e l i -  

minated (P .  7.6). What remains is the  means of producing the  s torage c o i l  

d i r e c t l y  beginning t t s tab i l izedf f  materials such a s  those which are present ly  

ava i lab le  on the  market (superconducting cables  o r  s t r i p s  which are e i t h e r  

sheathed o r  backed up with conductors). On t h e  other  hand, t he  switch (P .  7.5) 
cannot be produced with such a material. 

possible ,  during t h e  durat ion of t rapping,  t o  inf luence i t s  temperature ( P .  7.5.1) 
c551 o r  even shunt it, f o r  example by means of a superconducting mechanical 

switch (P.  7.5.2) which can i t s e l f  be s t ab i l i zed .  

Nevertheless, it is  always 

Nevertheless, the  r e s u l t s  of our works show (P. 7.5.1 - mixed switch) - /46 
t h a t  there  are advantages i n  making the  s torage c i r c u i t  i t se l f  operate  as its 

own switch. I n  t h i s  case,  the  cur ren t  methods of thermal Ttab i i i sa t ion  are 

still usable t o  the  extent  i n  which ne i the r  t h e  winding nor superconductor forming 

it are shunted e l ec t r i ca l ly .  I n  t h i s  case,  materials which are good conductors 

of heat  a t  the  temperature contemplated are used as e l e c t r i c a l  insu la tors .  

On the  other  hand, t he  cur ren t  methods o f  e l e c t r i c a l  s t a b i l i z a t i o n  are no longer 

usable (P. 7.6). Production of other  types of windings is then suggested. 

In  the  conventional windings t h e  tu rns  are mutually connected i n  s e r i e s ,  

i.e. t he  cur ren t  passes successively through them one after the  other .  The 

probabi l i ty  t h a t  t h i s  current  w i l l  encounter a defec t  along i t L  path becomes 

greater as  the  number of t u rns  increases.  

i n  the case of a given s i z e  and s tored energy, t he  useful  sec t ion  of t he  super- 

conductor formed by each turn  becomes smaller as the  number of t u rns  increases.  

Now, when a defec t  appears i n  t he  superconductor, t he  sec t ion  used f o r  t he  

passage of t he  cur ren t  w i l l  be smaller as the  defec t  increases i n  size. 

these conditions,  there  can loca l ly  r e s u l t  a t r a n s i t i o n  of t h e  superconductor 

i n  i ts  whole useful sec t ion  leading i n  the  corresponding region t o  the  r e l ease  

of a l l  the energy s tored  i n  the  c i r c u i t .  

On t he  o the r  hand, according t o  P 6.2, 

Under 

- 
One so lu t ion  which we have conceived C741 cons i s t s  then, i n  the  case of t he  

same stored energy (P. 6-21, i n  reducing the  nunber of tu rns  and consequently 

increasirzg the  sec t ion  of t he  superconductor forming t t e m  ( i  .e. increasing the  

value of the  cur ren t  used). The optimum is reached at t h e  l i m i t  when the  
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winding i s  made up by one turn.  

a massive superconductor forming one closed winding. 

Iffreezett i n  space and t i m e  t he  d i s t r i b u t i o n  of t he  current  i n  the  material, 

and avoid i n  t h i s  way i n s t a b i l i t i e s  which could appear i n  t h i s  d i s t r i b u t i o n  

t h e  s ing le  massive tu rn ,  closed on i t s e l f ,  is subdivided i n t o  a great  number of 

t u rns  each one closed on i t s e l f  with each one conductively mutually independent. 

The c i r c u i t  is then formed by closed tu rns  t raveled by cur ren ts  i n  pa ra l l e l .  

I t  can even be formed by f o i l s  o r  l aye r s  each one closed on i t s e l f  C74aI o r  

even by r ings  alsc with each one closed on i t s e l f .  Each one of t h e  l aye r s  i n  

question can furthermore be formed by a great number of conductively independent 

r ings.  

l ayers ,  each layer  being formed by independent r i n g s ,  and then each layer  closed 

on i t s e l f .  It is possible  i n  a more general way t o  use a massive material 

having anisotropies  i n  its superconducting proper t ies  i n  such a manner t h a t  

t he  l i n e s  of current  cannot be sh i f t ed  perpendicularly t o  t h e  d i r ec t ion  of 

propagation of t h e  current .  

It is then possible  to  produce it by means of L47 
Indeed, i n  order  t o  b e t t e r  

Such c i r c u i t s  can be produced with materials l a i d  down i n  successive 

These f9tiassivett c i r c u i t s  then allow, provided t h e i r  s i z e  i s  su i t ab le ,  

the  superconducting material used t o  preserve proper t ies  c lose  t o  those which 

it revea ls  i n  the  form of "short  samples. The r e s u l t  is t h a t  t he re  is a much 

b e t t e r  u t i l i z a t i o n  of the  material. In  addi t ion,  s ince  t h e  sec t ion  used f o r  

passage of cur ren t  is la rge  i n  t h i s  case, t h i s  cur ren t  is no longer interrupted 

by the  presence o r  appearance of a l oca l  defec t  i n  the  superconductor as has 

occurred with d isas t rous  consequences i n  the  case of windings formed beginning 

from a cable o r ,  so much the  worse, beginni-g from a simple wire. 

Such methods a l so  aliow production i n  the  s torage c i r c u i t  of more uniform 

d i s t r ibu t ions  of t he  magnetic f i e l d  and use of d i f f e r e n t  successive materials 

according t o  the  magnetic conditions i n  which they are placed owing t o  t h e i r  

respect ive geometrical pos i t ions  i n  the  c i r cu i t .  

which it i s  the  seme w i r e  which successively forms the  d i f f e r e n t  turns and 

d i f f e ren t  layers ,  there  are not such great capab i l i t i e s .  There is found, f o r  

example, i n  technical  literature a descr ip t ion  of windings, intended f o r  produc- 

t i o n  of in tense  magnetic f i e l d s ,  which have been prepared by concent r ica l ly  

arranging several independent windings produced with wires o r  cables  of d i f f e ren t  

natures  C751. 

In a conventional winding i n  

This is a f i r s t  approximation. 
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A l l  t h i s  leads t o  s torage of energy provided under a hich cur ren t  i n  a low L48 
value c o i l  (P .  6.2). 

4.3, 4.41C741, one p a r t  a t  l e a s t  of t he  s torage c i r c u i t  forming i n  t h i s  case 

the  armature of t he  e.iergy charging device ( f o r  example C7411, nor r e l eases  

the  energy under a current  d i f f e ren t  from the  one under which it is s tored ,  

nor co r rec t ly  adapts t he  impedance of use (P. 7.2). 

This ne i ther  s tops  charging energy i n t o  the  c i r c u i t  (P. 4.2, 

6.4. Comparison with standard conductors: 

In  conventional windings intended t o  operate i n  a permanent mode a t  ambient 

temperature, a l i m i t  is set by the Joule e f f e c t  a t  cur ren t  d e n s i t i e s  on the  

order of 100 t o  $00 A/cm . For example, a copper winding C761 producing an 

induction of 88 kG i n  a useful volume of 0.2 l i t e r  d i s s i p a t e s  by Joule e f f e c t  

and per second an energy of 1.5 megajoule (whereas the  magnetic energy s tored 

i n  t h i s  useful volume is, under these condi t ions,  l e s s  than 10 k i lo joules ) .  

Such a winding requi res  a cooling water system flowing a t  a rate of 5,000 

1 i ters/mi n:it e . 

2 

I t  could be sought t o  s t o r e  higher energies  without increasing the  Joule 

e f fec t .  For t h i s  reason, it would be necessary t o  lower the  temperature of t he  

conductors i n  such a manner as t o  reduce t h e i r  r e s i s t i v i t y  [l]. Under these 

conditions,  even i f  t he  l a t t e r  were divided by l ,OoO, t he  Joule e f f e c t ,  pro- 

port ional  t o  the  square of t he  cur ren t ,  would only allow increasing the  cur ren t  

by a f ac to r  q l m '  But then t h i s  same diss ipa ted  c a l o r i f i c  power would 

have t o  be removed a t  a very low temperature which would not be p r a c t i c d l y  

possible  i n  t h i s  example. 

On the  other  hand, i t  is now possible  t o  admit i n t o  superconductors of the  
5 7 2 second c l a s s  current  d e n s i t i e s  which can exceed 10 to 10 A/cm C 7 ~ l C ~ 8 l C ~ ~ l C l O l  

a t  4.2OK i n  the  presence of high magnetic f i e lds .  

though the  c r i t i c a l  cha rac t e r i s t i c s  of t he  mater ia l  are riot exceeded, s c i r c u i t  

of given dimensions produced with present ly  ava i lab le  superconductors could 

s t o r e  up t o  107)z-1010 times more energy than t h e  same convenl iona l  c i r cu i t .  

The cooling &own of the  superconducting c i r c u i t  is  r e l a t i v e l y  easy considering 

its small re la t ive dimensions and absence of Joule  e f f e c t ,  "flux jtmpdf E801 
C81lC823 and ffcreep" E363. 

Under these  condi t ions,  al- 

L49 

102) 
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6.5. Comparison with capacitors:  

The best  ava i lab le  capaci tors  allow storaco i n  t h e i r  d i e  

dens i t i e s  on the  order of several  t ens  t o  several  hundreds of 

C543C831 whereas r e l a t i o n  (2.0) shows t h a t  t he  superconductors 

f o r  example a t  100 kG, storage of energies of 40 k i lo jou le s  p 

e c t r i c  of energy 

jou le s  per  l i t e r  

already allow, 

r l i t e r  i n  the  

d i e l ec t r i c .  This l a t te r  c o s t s  nothing and is formed by the  ambient environment 

s ince  with these inductions any magnetic core should be removed owing t o  i t s  

sa tura t ion  . 
The energy s tored under optimum condi t ions by a capaci tor  is proportional 

t o  the  t o t a l  volume of t he  d i e l e c t r i c ,  meaning t h a t  the  volume and, consequently, 

t he  weight and cos t  of one s e t  of capac i tors  are percept ibly proport ional  t o  
the  s tored energy. With superconductors, t he  s i t u a t i o n  is q u i t e  otherwise. 

With constant magnetic induction on the  superconductor, the  s tored  energy 

increases  more quickly than the  volume o r  weight of material used ( P .  6.6). 
The r e s u l t  i s  t h a t  the  cos t  of t h e  s tored jou le  decreases as the  t o t a l  s tored  

energy increases  C.541. 

when the  energy t o  be s tored  is higher. 

This fact  makes auperconductors even more advanta$jeous 

We s h a l l  a l so  see, a t  the  time of discharge with a d i s s ipa t ive  impedance 

(P.  7.2.11, mother  in t e re s t ing  property of superconducting c i r c u i t s :  they 

behave l i k e  !!current generatorsff  whereas the  capaci tors  behave l i k e  V o l t a g e  

generators.!' I n  the  caRe of superconducting c i r c u i t s ,  i t  i s  t h s  i n i t i a l  current  

which is s e t  before discharge whereas, i n  t he  case of capac i tors ,  it i s  the  

voltage. 

We s h a l l  again observe t h a t  considerable progress connected with the  super- I% 
conducting material (P. 10) i tself  can be expected. 

6.6. Wptimization" of t h e  s torage c i r c u i t :  

The circuit should be optimized as a funct icn of t hz  goal t o  be at ta ined.  

Since the  enerm t o  be s tored is given, t h i s  goal can be, f o r  example, the pro- 

ducing of m i n i m u m  cos t ,  m i i d m u m  weight, o r  even minimum volume, etc, The opt i -  

m u n  storage c i r c u i t  under these conditions is r m t  t he  one allowing the  reaching 

of maximum indiiction i n  the  d i e l ec t r i c .  

the  one which cons i s t s  i n  seeking, with the  given mater ia l ,  to  c r e a t e  the  m a x i m u n  

magnetic f i e l d .  

The problem is t o t a l l y  diffei .ent from 
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Since superconductors are still  r a the r  d i f f i c u l t  t o  handle, they do, on 

the other  hand, allow reaching energy d e n s i t i e s  much greater than those allqwed 

by capacitors.  The optimizdtion problem which o f t en  arises a t  the  present  t i m e  

i s  t o  a r r i v e  a t  a minimum cos t  C541. 

s t o r e  the  given energy by using the  minimum quant i ty  of superconductors. 

This appreciably amounts t o  wishing t o  

When formula (20) is examined too quickly,  it could be thought t h a t  t h i s  

condition w i l l  be s a t i s f i e d  i f  t he  m a x i m u m  values of €3 are produced. In  

r e a l i t y ,  t h i s  i s  not the  case. It is the  in t eg ra l  of B , s t r e t ch ing  over a l l  

the  space encompassed by the  magnetic induction which should be nradc ?!!?.ximum. 

‘The ca lcu la t ion  is car r ied  out  by seeking the  m a . i m u m  of this in t eg ra l ,  with 

constant superconducting quant i ty ,  taking i n t o  account the  f a c t  t h a t ,  a t  every 

point  of t he  superconductor, t h e  f i e l d  should remain l e s s  than the  cr i t ical  

f i e l d ,  i t s e l f  connected t o  the  value of t he  cur ren t  C541. 
spec i f ica t ion  of t he  shape and dimer.sions of t h i s  c i r c u i t .  Even within t h i s  

“shape” and these tfdimensions,” it i s  possible  t o  i n s t a l l ,  as has been seen 

(P. 6.21, a winding whose coe f f i c i en t  of self conduction can have any value 

whatsoever i n  a very wide range. 

2 

Calculat ion allows 

Ultimately, the  shape and dimensions f i n a l l y  a r r ived  a t  a r e  generally less /51 - 
“coherent” + , h a  those required t o  produce in tense  magnetic f i e l d s .  Likewise, 

the  f i e l d s  where it has been found appropriate  t o  use a given material are 

generally l e s s  than those used f o r  production of in tense  magnetic f i e l d s  and 

the  cur ren ts  are, on t%e contrary,  higher C541. 

Other conditions can still become a f ac to r  i n  t h e  lfoptimizationtf  of t he  

windings such as,  f o r  example, condi t ions of mechanical r e s i s t ance  ..., o r  

again the  fact  t h a t  it is sought t o  produce a winding which should not r a d i a t e  

electromagnetically ex terna l ly  t o  i t s e l f ,  etc. 

;n t h i s  l as t  case, f o r  example, when t o r i c  geo 23.tries C541 are used, t he  

f fopt ia iza t ion l t  leads t o  an expression of energy dens i ty  s tored per  u n i t  of 

masxi of vuperconducting material of the  fonn: 

+J, fi p (23) 

i n  which: w is  the  t o t a l  s tored energy, 

m the  masB of superconductor utsed, 

k a coe f f i c i en t  which is  a function of t he  ah.ape of the  to ro ida l  

core , 



6 and Bc respec t ive ly  the  c r i t i c a l  cur ren t  dens i ty  and c r i t i ca l  
c 

induction of the  material used, both these values  

corresponding t o  t h e  same operating point.  

There may be deduced from t h i s  t h a t  t h e  m a x i m u m  energy dens i ty  s tored 

increases  as the  cubic root  of t h e  t o t a l  s tored  energy W. 

By solving f o r  W t h e  m a x i m u m  t o t a l  s tored  energy is obtained: 

U - k M  r *  p be (24 
and it can be seen t h a t  it is not proport ional  to B2 (as an overly has ty  

examination of formula (20) could hzve allowed assumption on a preliminary 

bas i s )  . 
C 

I n  t h i s  case, f o r  a given m a s s  of superconductor m ,  t he  s tored  energy W - 152 
is therefore  maximum when t h e  product 6 3 / 2 q  or what amounts t o  t h e  same 

6c& is maximun. 
C 

(For examination of mother  aspect of this question, reference can also 

be made t o  P. 7.5.1.3.4.) 

6.7. How much energy can be stored? 

I t  has been seen tha t :  

- a t  the present t i m e ,  t h e  energy s tored by means of superconductors 

could reach i n  ce r t a in  cases lo1' t i m e s  t he  energy t h a t  could be s tored  i n  t h e  

same conventional c i r c u i t  (P. 6.4); 
- with 100 kG t he re  may be produced i n  t h e  d i e l e c t r i c  an energy dens i ty  of 

40 kJ/liter, #is energy dens i ty  increas ing  a s  t h e  square of induct ion B; 

- i n  t he  case of an optimized c i r c u i t  (241, t h e  t o t a l  s tored  energy increases  

as the  power 3/2 of t he  mass of superconductor used, t h i s  allowing production of 

energy dens i t i e s ,  r e l a t ed  t o  the  t o t a l  superconductor m a s s ,  comparable t o  those 

obtained i n  explosives. 

Some l imi t a t ions  w i l l  becane a f a c t o r  as mace necessary by the  volune, 

weight o r  cos t  of t h e  device. 

dency t o  decrease as p rowess  is made with t h e  materials and they w i l l  be b e t t e r  

su i ted  f o r  t h e  problem of s torage (P. 10). 

considerebly s implify manufacture, obviat ing t h e  requirement f o r  i n i t i a l l y  

preparing a w i r e ,  cable o r  tape ,  then winding it, etc. Likewise, laaterials 

which have up u n t i l  now not been used owing t o  d i f f i c u l t i e s  created by preparat ion 

of w i r e s  or tdpe w i l l  henceforth be ava i lab le  for use. 

S t i l l ,  volume, weight and cos t  w i l l  have a ten- 

The design of massive devices w i l l  

It can even be fore-  
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cas t  t h a t  when superconductors a r e  produced i n d u s t r i a l l y  on a l a r g e r  s ca l e ,  - /53 

t h e i r  cos t  p r i ce  w i l l  decrease. 

The problems involving mechanical s t r e s s e s  on c i r c u i t s  w i l l  have t o  be 

solved ch ief ly  i n  high f i e l d s  s ince magnetic pressure I, increases  as the  

square of induction B: 

B2 

When it is  possible  t o  solve these  problems and use,  for example, super- 

conducting materials operat ing a t  very high c r i t i ca l  f i e l d s  such as those 

pointed out i n  technical  l i t e r a t u r e  C851 under t h e  term of materials "with 

negative f i e l d s , "  huge energy d e n s i t i e s  w i l l  then be produced i n  t h e  d i e l ec t r i c .  

For example, a t  10 G 4 MJ/liter is produced i n  t h e  d i e l e c t r i c ,  i.e. an energy 

densi ty  comparable t o  t h a t  contained i n  explosives. 

r e l a t ed  'to the  superconducting mass used could probably be still much higher. 

6 

The s tored  energy dens i ty  
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7. The Discharge of Energy - /56 
Since the  use c i r c u i t  i s  given, t he  s tored energy must be t ransfer red  there .  

Several methods can be used t o  accomplish t h i s :  

7.1. Direct connection: 

As w a s  shown by 

t o  terminals A and B 

Figure 3 ,  the  impedance of use Z 

of storage c o i l  L (Figure 8). 
can be d i r e c t l y  connected 

U 

Figure 8, 

The problem a r i s i n g  fromaonnections between the  low-temperature c i r c u i t  

(enclosed by dotted l i n e  i n  Fi-gure 8) and impedance of use Z 

ture is  not the  same during discharge as the  one a r i s i n g  during charging. 

Indeed, f o r  example, i n  a l l  cases of high-speed discharges,  i.e, g rea t ly  damped, 

and more pa r t i cu la r ly  i n  cases where t h e  use c i r c u i t  is e s s e n t i a l l y  d i s s ipa t ive  

(P. 7.3.1), cur ren t  I ( t)  during discharge remains less than i n i t i a l l y  trapped 

current  I then quickly tends to zero, The Joule e f f e c t  i n  connections of 

res i s tance  R may be expressed. 

a t  ambient tempera- 
U 

0'  

3 

It is then l e s s  than 

R 127 3 0  
i n  which T is the  p rac t i ca l  duL-ation of discharge,  t he  durat ion such t h a t  the  

current  becomes p rac t i ca l ly  zero. 

This Joule e f f e c t ,  therefore ,  becomes proport ional ly  w e a k  as t h e  discharge 

weakens. 

precautions are taken so t h a t  t he  "skin e f f e c t , "  w e l l  known i n  high frequencies,  

does not cause too great an increahe of R 

In  very swift discharges it can become extremely wclak when su i t ab le  

3 '  

In  certain cases, impedance of use Z can a l so  be located a t  low temperature 
U 

which can allow decrease i n  size of connections o r  even p r a c t i c a l l y  removing 

these connections from spec ia l  configuration 1741 
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In  a l l  cases, c o i l  L should be designed i n  such a manner as t o  produce t h e  

adaptation of given impedance Z . It could be poss ib le  i n  some cases t o  con- 

template supplementary switches allowing modification of t h e  impedance shown 

by s torage  c i r c u i t  L during discharge ( f o r  example, by using t u r n s  which, once 

charged i n  s e r i e s ,  would be discharged i n  p a r a l l e l  C861). 

U 

The c o i l  L can be produced by means of t t s t ab i l i zed t t  material by addi t ion  

of standard conductors which can then be used t o  assist t h e  flow of energy 

towards use a t  t h e  t i m e  of t h e  t r a n s i t o r y  discharge mode C871 (cf. a l s o  P. 7.5.1.3.2 

and 7.5.1.3.3). 

7.2. Inductive coupling: 

The impedance of use Z 

s torage  c i r c u i t ,  e i t h e r  d i r ec t ly :  

c i r c u i t ,  e i t h e r  through t h e  intermediary of a secondary c i r c u i t  S t o  which i t  i s  

connected and which is coupled by induction t o  t h e  s torage  c i r c u i t  (Figure 9 ) .  

The system of coupled c i r c u i t s  then behaves i n  t h e  same way as a transformer. 

can a l s o  be coupled by induction to  t h e  energy 

it then i tself  forms a s o r t  of secondary 
U 

I n  t h e  case of secondary circuit S, it is poss ib le  t o  use a superconducting 

material and t t s t ab i l i ze"  it so as t o  avoid r i s k s  of t r a n s i t i o n s  d w i n g  t r a n s i t i o n a l  

modes C133 of discharge. 

material with low re s . ; s t i v i ty  (and low magnetoresistance) arranged so as t o  

reduce t h e  sk in  e f f e c t  i n  order  f o r  t h e  Joule l o s s  during dura t ion  of discharge 

t o  be s u f f i c i e n t l y  low (P. 7.4). 

It is also poss ib le  t o  use a standard conducting 

Such a circuit  allows e i t h e r  charging o r  s to r ing  energy with cu r ren t s  very  

d i f f e r e n t  from those with which it is then used. It is a l s o  poss ib le  t o  

simultaneously couple t o  t h e  s torage  c i r c u i t  severa l  secondary c i r c u i t s  i n  cases 

where use includes d i f f e r e n t  c i r c u i t s .  

This c i rcai t  "as transformertt allows producing a good adjustment of 

impedances between t h e  s torage  c i r c u i t  and t h e  use c i r c u i t .  

use z is d i s s i p a t i v e ,  it is  thus poss ib le ,  by tak ing  t h e  necessary precautions 

(P. 7.3.1) t o  achieve high e f f i c i enc ie s  C551 1881 very c l o s e  t o  unity. 

as concerns reference E881, it should nevertheless be pointed out  t h a t  t h e  

writer f o r g e t s  t o  show t h a t  by modifying t h e  transformer r a t i o ,  when a l l  o the r  

q u a n t i t i e s  remain t h e  same, t h e  discharge " t i m e  constant" is modified. 

P. 7.5.1.3.3) 

I n  t h e  case where 

U 
( In so fa r  

Cf. 
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7.3. Discharge charac te r i s t ics :  - /60 
The l a w  of discharge of energy i s  a function of t he  nature of impedance of 

use Z and the  r u l e  governing opening of switch K We a r e  going to b r i e f l y  u 2' 
summarize the  d i f f e r e n t  e f fec t .  

7.3.1. Dissipat ive use impedance: 

When impedance Zu is es sen t i a l ly  d i s s ipa t ive ,  a damped discharge i s  

produced. 

necessary fo r  t he  c i r c u i t  t o  have great  s t r a y  capac i t i e s  (P. 7.3.4). 

In order t o  car ry  away t h e  o s c i l l a t i o n  from the  discharge it is 

Let us ,  therefore ,  consider t he  case i n  which Z is purely d i s s ipa t ive  
U 

( t o t a l  conversion of energy i n t o  work, i n to  hea t ,  e tc . ) .  

case l i k e  a pure res i s tance  R which can be a funct ion of time, 

by R 
R2 ( 0 )  = 0) and by granting: 

I t  behaves i n  t h i s  

By designating 
U 

( t )  the  res i s tance  shown by switch Kz as a function of time (such t h a t  2 

R" (t). "2 (t) (27) 
(') - R, (t) + I$ f i )  

expressions may e a s i l y  be formed w h i c h  give: t h e  current  i ( t )  i n  st.c.r-age 

t h e  voltage a t  the  terminals of res i s tance  of use R 
U - t 6 n (t) dt  

v (t) .. n it) I, 
the derivative of this voltage with respect  to time 

the  current  i n  t he  resistance of use R U 

The r e l a t i o n s  (29) and ( 3 0 )  show t h a t ,  when R ( t )  is a decreasing 

voltage v ( t )  at t he  t.rrminals o f  use star ts  from zero, passes through 
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m a x i m u m  which t akes  place f o r  one of t h e  values of t voiding the  bracket of 

equation (301, then redescending ssymptotically t o  zero. 

The r e l a t i o n  ( 2 8 )  shows t h a t  when r e s i s t ance  R ( t )  undergoes swi f t  f l uc -  

t ua t ions ,  cur ren t  i ( t )  delivered by t h e  storage c o i l  w i l l  no t  have a tendency 

t o  follow these  f luc tua t ions .  On t h e  o ther  hand, t he  voltage a t  t h e  terminals 

of use RU w i l l  then have a tendency according t o  ( 2 9 )  t o  vary  i n  t h e  same way 

as R ( t) .  
w i l l  be hardly s e n s i t i v e  t o  f luc tua t ions  of t he  impedance of use. 

The s torage  c i r c u i t  w i l l  then behave as a "current generator" and 

I n  t h e  spec ia l  case i n  which t h e  r e s i s t ance  of use is cons tan t ,  w e  are 

going t o  show t h a t  i n s t a n t s  t 

a t  i ts  terminals are independent of its c h a r a c t e r i s t i c  value R . The same is 

t r u e  of cur ren t  i ( t )  t r ave l ing  through it. 

a t  which take place t h e  extremes of vo l tage  v ( t )  i 
U 

U 

In s t an t s  t. are values of t among those voiding t h e  bracket of r e l a t i o n  (30): 
1 

u 4 t  - ,A- L 0 (32) 

equation i n  which R ( t )  is  expressed according t o  (27): - / 6 2  

(33 1 
By removing R ( t ) ,  equation (32) becomes, when R is not zero: 

U 

(34  1 d (t) - - - - 0  L 
I -I 

dt 

Since t h i s  equation does not involve t h e  r e s i s t ance  of use R its r o o t s  
U '  

are qu i t e  independent of R . 
U 

I n  t h e  spec ia l  case i n  which equation (34) ha,s on ly  one r o o t ,  which w e  

( t ) ,  f o r  example, i s  a monotonous non- shi.11 designate by t l ,  (i.e. when R 

decreasing func t ion  such t h a t  i t s  f i r s t  de r iva t ive  is itself a non-decreasing 

monotonous func t ion)  and i n  t h e  case i n  which R 

of discharge, va lues  much greater than R t h e  cur ren t  i ( t )  given by r e l a t i o n  

(31) follows a l a w  whose general aspec t  can be diagramed by Figure 10. 

2 

( t )  reaches, from t h e  beginning 
2 

U' U 

A t  beginning of discharge,  so long as R2 ( t )  remains m c h  less than R 
U'  

r e l a t i o n  ( 3 3 )  is  equivalent to: 

R (.I N I$ (t) ( 3 5 )  

The slope a t  t h e  o r i g i n  of t h e  r ise f ron t  of t h e  voltage may be expressed 

according t o  ( 3 0 ) :  
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whence the re  follows d i r e c t l y  f o r  t h e  current i n  t h e  use: 

A t  beginning of discharge r e l a t i o n s  ( 2 9 )  and (31) become, taking (35) 
i n t o  account: 

v ( t ) N  l$ 

t ( t ) u  F$ 

The r e s u l t  is t h a t  

t h e  scale of t h e  period 

- /63 

(37 )  

(38 1 

(39) 

when func t ion  R2 ( t )  undergoes swif t  f l uc tua t ions  on 

of time considered, these f luc tua t ions  w i l l  then be 

f a i t h f u l l y  reproduced by t h e  func t ions  i.:presenting voltage v ( t )  and cur ren t  i ( t ) .  
U 

Consequently, t h e  beginning of t he  pulse rise f r o n t  can be considered as 

very representa t ive  of t h e  switch cha rac t e r i s t i c s .  

Figure 10. Figure 11. 

The duration t2, i n  t h e  case where R ( t )  reaches, from t h e  very beginning L64 2 

U '  
of discharge, va lues  much grea te r  than R i s  only a function of t i m e  cor-stant 

7 = L  - 
R of t h e  s torage  c i r c u i t  closed upon use. 

U 

When t h e  switch gains a r e s i s t ance  much grea te r  than R i n  a very sho r t  
U 

t i m e  before i, t he re  should be produced, f o r  a l l  p r a c t i c a l  purposes, a l a w  of 

discharge such as t h e  one diagrammed by Figure 11, representing equation: 
(40) R 

-+t 
1" (tl - I, e 

which is consequent on (31). 

Whei1 t h e  impedance of use is given, provided t h e  switch is  s u i t a b l e  (P. 7.5), 
t h e  rate of discharge is e s s e n t i a l l y  a function of t h e  s torage  c i r c u i t  co i l .  

Now, it has been seen (P. 6.2) t h a t  it w a s  poss ib le  t o  s t o r e  a given energy 

with any c o i l  a t  a l l  w i t h  specific l i m i t s .  It w i l l  therefore  always be poss ib le  

t o  produce the  s torage  circuit  i n  such a manner as to produce a given "discharge 

rate" within corresponding l i m i t s .  The p o s s i b i l i t i e s  w i l l  be still more 
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widespread when an Itas transformertt c i r c u i t  (P .  7.2) is used f o r  t h e  discharge. 

Figure 12. 

Display of funct ion R ( t )  = Rm (1 - e-kt) 2 

- Curve (1 ) shows funct ion R2 (t  ) = Rm ( 1 - e-kt of which the  der iva t ive  
d -kt i s  - R  ( t)  = R k u  ; m -akt d t  2 

- curve ( 2 )  shows function R ( t )  = Rm (1 - e ) (It  is deduced from (1 )  
2 M t N t  1 

M N '  by a contract ion (- = -1 p a r a l l e l  t o  t he  t i m e  axis.); 

- curve (3)  shows funct ion R2 ( t )  = cy R (1 - ekt) ( I t  i s  deduced from (1; 
MltNlt m 

MN by an expansion (- = a )  p a r a l l e l  t o  t he  axis of res is tances . ) ;  
d -kt ; - the  funct ions (2 )  and (3 )  have t h e  same der iva t ive :  - R ( t )  = cy R ke 

on t h e  f igu re ,  cy has been taken equal t o  2. 
d t  2 m 

7.3.1.1. Examination of a spec ia l  case category: - /66 
W e  are going t o  m a k e  a more de t a i l ed  examination of a spec i f i c  category 

of cases which involves many appl ica t ions  (P. 81, i n  which: 

- use is equivalent t o  a constant Ru resistance; 

- impedance of t he  connections may be disregarded; 

- resistance as a funct ion of t i m e  of t he  switch,  during its opening, 

obeys a l a w  i n  t h e  form: 
5 ( t ) .  - nm ( i - - '7  (41 1 

e being the  base of Naperian logarithms, 

Rm being consequently the  f i n a l  r e s i s t ance  of t h e  switch i n  the  normal state, 

and k a constant quant i ty  charac te r iz ing  the  rate of t rmsi t ion .  



Figure . 2  shows the  e f f e c t  of k and R on the  behavior of t h i s  funct ion ' m 
whose more prec ise  de f in i t i on  w i l l  be found i n  P. 7.5.1.2. 

A l a w  i n  t h i s  form has already been used C931 and appears t o  agree with 

those of our experiments with which it w a s  compared C951. 

7.3.1.1.1. Rise f r o n t  of the  pulse: 

We are going t o  calculate the  value of t which corresponds t o  the  1 
m a x i m u m  of cur ren t  (Figure 10) i n  t h e  r e s i s t ance  of use,  i.e. with I n a x i m m  

vol tage a t  its terminals. 

The bracket of r e l a t i o n  (30) becomes, by replacing i n  (27)  the  expression 

( t )  by the  constant res i s tance  of use R ( t )  by the  r e l a t i o n  
L67 

R and expression R 
U U 2 

(41):  

The f i r s t  f ac to r  is pos i t i ve  on t h e  r i g h t  hand s ide  of t he  equation. 
-kt The f ac to r  between brackets i s  a polynomial of t he  second degree with e 

which is pos i t i ve  f o r  t = 0, decreases when t increases ,  i s  reduced t o  zero 

f o r  value t 1 
the  funct ion v ( t )  given by (29)  passes through a m a x i m u m  for t = 

given i n  (44 )  and is negative f o r  t less than tl. Consequently, 

tl' 

If it is  t r u e  tha t :  

= T2 
L 
R 
- 

m 
(43 1 

( T ~  is the  standard t i m e  constant c h a r a c t e r i s t i c  of t he  s torage circuit ,  i.e. 

t h e  time constant of discharge of t h e  s torage c o i l  on the  switch alone e n t i r e l y  

i n  the  normal s t a t e  (constant  R r e s i s t ance  and impedance of use being disconnected). m 

It follows tha t :  

(44) 

The curves of Figure 12-1 show the  va r i a t ion  of t h e  term between brackets ,  

t h i s  term being designated by y 

The curves of Figure 12.2 show the  va r i a t ion  of t 

(cons is tan t  with r e l a t i o n  ( 5 5 ) ) .  1 

1' 
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Variation of 

a s  a function of k for dif ferent  values of T~ 

(Heavy l ine :  part of the  curves corresponding to  tl T ~ )  

Y l  

k 
1 10 19 10' 

-1 second 

Figure 12.1. 
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Variation of 

1 
tl = - -Log k y1 

a s  a function of  k for  d i f ferent  values of T~ 

(Yeavy l ine :  part of  the curves corresponding t o  

tl 

-1 secc :ad 

Figure 12.2. 
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These curves were p lo t t ed  ds a function of k f o r  d i f f e r e n t  valueo of T 2' - /70 
The pa r t  of t he  curves corresponding t o  t < T has been p lo t t ed  more boldly. 

When kT has an order of magnitude much less than utiity, t h i s  expression 

1 2  

2 
becomes: 

Relations (41)  and ( 4 4 )  provide f o r  t = t l ,  t h e  corresponding value of 

t h e  switch resistance: 

When kT2 < 1, it follows tha t :  

% (tl 'N R, fi2 (47 )  

Relations (29) and (31) provide respec t ive ly  f o r  t = t t h e  values of t he  1 
m a x i m u m s  of voltage and cur ren t  i n  t h e  ren is tance  of use. 

The r e l a t i o n s  (36) and (37) provide respec t ive ly  f o r  t = 0, t h e  slope a t  

t h e  o r i g i n  of t he  rise f r o n t s  of t h e  voltage and cur ren t  i n  use: 

I t  can be advantageous t o  compare: 

- t he  absolute value of t he  slope a t  the  o r i g i n  of t h e  r ise  f r o n t  of t h e  

curre.it pulse,  

- and t h e  slope which its descending p a r t  (given by (40) and shown by 

dotted l i n e  on F i g w e  13) would have had a t  t h e  o r i g i n  if  the  switch had reached 

an i n f i n i t e  r e s i s t ance  i n  a t i m e  p r a c t i c a l l y  zero (pe r fec t  switch P. 7.5). 

If it is t r u e  tha t :  

t h e  slope a t  t h e  o r i g i n  of function (40) is: 

0 -  

The comparison of 

comparing the  absolute 

and ( 5 0 )  i n t o  account: 
7 k -  
T 2  

t h e  absolute values of both these  slopes amounts to 

value of expressions (49) and (51). €.e. by tak ing  (43) 

(52) 1 and - . 
7 



t 

Figure 13 

7-3.1.1.2. Energy t ransfer red  i n  use res i s tance :  

The energy t ransfer red  during discharge up unt i l  i n s t a n t  t ,  i n  

t h e  res i s tance  of use, may be expressed: 

and by replacing v ( f )  by its expression ( 2 9 ) :  , 
' 12 

% 
L(1 (t) .) -q I+ (t) : +l (t) Gt 

Taking (33) and (41) i n t o  account and i f  it is t r u e  tha t :  
-kt 
e = Y  

and R n  a *  u -- 
- 

4 

it follows tha t :  

1' 

From the  re la t ion :  

b it  follows tha t :  -- 
' e  --(*I * ( E $  

(56) 

(57) 

(57.2) 

/73 
( 5 8 )  

(58.1 1 
(59) 
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W e  are going t o  car ry  out  t be  ca l cu la t ion  of r e l a t i o n  (58) by using a . 
development i n  s e r i e s  of t h e  express>, 

sign. C973 

which is found un:ter t h e  in t eg ra t ion  

W e  are going t o  assume: 
- .  

b A - 2 - 4  (59.1) 

W e  can then write: 
(a-y)--fa<-4 **-I * (+1) , * -2y2 -=f(*- l )  (.<*La.(-3 y i  

y +  21 31 (59.3 1 
+ ...... +(-lF =f (4-l) ..- (~-+=i.L,--r y p+.,* 

4! 

(59.4) 2 

L anti since: 

(by12 - 1 - 2y + J 

The general term of t h e  development i n  series of t h e  expression under t h e  

in t eg ra t ion  s ign ,  i n  r e l a t i o n  (58) i s  writ ten: 

- 
By paying a t t e n t i o n  t o  t h e  s ign i f icance  of the operations which it expresses, 

t h i s  r e l a t i o n  i s  va l id  beginning from p = 3. The th ree  first terms of t h e  

drvelcynent i n  series, corresponding t o  the  powers of y with $ ,  $ + 1 and $ + 2, 

are e a s i l y  obtained beginning from r e l a t i o n s  (59.3) and (59.4). 

A pr imi t ive  element of t h e  general term (59.5) is: 
@ y t * P * l  d(#-lg.(?-#+31 ma-F[(*-++2)(#-C+11+ 2U-c+2a +ag 

(-1) r*r *1 - 2 1  (+-1)C c-1 (59.6) 

In tegra t ion  (58) leads to t h e  tak ing  of t h e  value of t h i s  pr imi t ive  

element f o r  y = 1 reduced by t h e  value f o r  y = y ( t ) .  

following series may be obtained: . 
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( 5 9 . 7 )  

a-1 ob- 
By multiplying t h e  sum of t h i s  series by t h e  f a c t o r  W b(a  - 1) a , 

0 

t he re  is produce4 t h e  value c f  expression (58) of w ( t )  a t  i n s t a n t  t: 
U - b a  

0 yo bG-1) r(r(t)) ( 5 9 . 8 )  

In t h e  case of t = 03, t h e  r e s u l t  from (55) is  t h a t  t h e  corresponding - /76 

( 5 9 . 9 )  

. . .  
2 aa-*&&-l)... (tf-&+l) 

a-1 
l)-bT-? 

7$+4+1)et*2)p+e+rJ 31’ + (-1) 

By multiplying t h e  sun of t h i s  s e r i e s - b y  t h e  factor-W b ( a  - 
0 

t h e  value of expression (58) of W ( t )  is produced f o r  t = a, i.e., i n  r e a l i t y ,  

t h e  energy which has  been t r ans fe r r ed  i n  t h e  resistance of use during discharge: 
U 

(59 .  IO) 

7.3.1.1.3. Energy d iss ipa ted  i n  t h e  switch: 

The energy d iss ipa ted  during discharge up u n t i l  i n s t a n t  t i n  t t z  

switch may be expressed: 
w2 (t) -1 

By tak ing  i n t o  account (351,  (411, (551, (561, i58.1) .ad (591,  it follows L77 
t h a t  by carrying out  a f i r s t  i n t eg ra t ion  i n  t h e  saoe manner as i n  paragraph 

7.3.1.1.2 1971: 

(62) 
b * a  k-1 

n 
r d Y  g(t) - U -$ b (e-1) 

O m  
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W e  are l ikei  -e going t o  ca r ry  out t h e  calcul.ation of t h i s  r e l a t i o n  by 

using the  developmst i n  series of t h e  expression found under t h e  in t eg ra t ion  

sign. Using t h e  same nota t ic  3 as i n  paragraph 7.3.1.1.2, t he  general t e r m  of 

t h i s  development i n  series i s  wr i t ten :  
* 

+ a3  
.f t+t Abl) ...@f-@+ 2) 

(-1) Y ( + - l ) I  

(-lf y + *p+l d(4-1)  ... (. I-C+2ia'-f 
A pr imi t ive  element of t h i s  expression is: 

I ) + P + l  (*-I)! 

(62.1) 

(62.2) 

The in t eg ra t ion  (62)  suggests taking t h e  value of t h i s  pr imi t ive  for y = 1 

reduced by t h e  va lue  f o r  y = y ( t ) .  

e + + &  
1 

P + C + l  ; -y t  '- ?&-l). . . (d-&+l) ,I-y 
4 1  a-1 p+ v+; ' p+, *+ l  * + (-1) 

By multiplying t h e  sum of t h i s  series by t h e  f a c t o r  W Ru b ( a - l ) - v ,  
O R m  

t h e  value of expression (62) of W 2 ( t )  a t  i n s t a n t  t i s  produced: 

(62.4) a-1 R e  
h(') - w (a-1)- T 6(y(t)) 

O R. 

In the  case of t = m, t h e  r e s u l t  from ( 5 5 )  is t h a t  t h e  carresponding value 

of y is zero and t h e  series (62.3) is then writ ten: 
d '  

c ,  7&zT A 

1 4-1 - ? p . z ) ( p + 3 1  * 
1 4 ( d 4  

21 + V + 3 ) r p 4  

(62.5) 

............. 
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a- 1 
By multiplying the  sum of t h i s  series by the  f a c t o r  W % b (a-1) -b- a , I /79 

0 %  
the  value of expression (62) of W ( t )  is produced f o r  t = m, i.e., i n  r e a l i t y ,  

t h e  energy which has  been d iss ipa ted  i n  the  switch during discharge: 
2 

R .-1 (62.6) w 2 ( 4  - u u. (.-l)'.b -rg 
O Rm 

7.3.1.1.4. Exp ressiori  of t he  current  i n  use res i s tance :  

Relation (31) i s  wr i t t en ,  still using notat ions provided i n  (551, 

then, by using r e l a t i o n  (57.2), i t  follows tha t :  
b A - 9  b b 1-a 

2 .  2 .  -- 
2. 

l,,C'.J - Io (*l) (1-Y) (..Y) Y 

(62.7) 

(62.8) 

The m a x i m u m  value I of i (Figure 13) occurs a t  i n s t a n t  t = tl provided 
q U 

by r e l a t i o n  (44). It is then t r u e  tha t :  

1. - lu (5 )  (62.9) 

/BO 7.3 -2. C o i l  use impedance: - 
W e  are going t o  see t h a t  when impedance Z is e s s e n t i a l l y  of a c o i l  

U 
nature ,  t he  energy t r ans fe r  is, on t h e  contrary,  unfavorable. 

L e t  u s  examine t h e  extreme case i n  which Z behaves as a pure c o i l  L 
U U 

( f o r  example, winding intended exclusively t o  create a magnetic f i e l d  and 

producing ne i ther  work nor heat...) (Figure 141, switch K, being not of a c o i l  

nature. 

The Kirchoff equations: 

$1 ovide: 

the  current  i n  the  switch: 
L 2 L  

5 (t) - Io 0 - e 1: 5 (t) It 

the  current  i n  the  use: 



2 
0 0 0 

By designating W (with W = 1/2 L I  ) t he  i n i t i a l  energy s tored  i n  L,  

these  expressions allow ca lcu la t ion  of: 

t he  magnetic energy t r ans fe r r ed  i n t o  L : _ -  u 

(No matter what t he  value of L may be, t h i s  expression cannot be grea te r  
W 

t he  magnetic energy remaining i n  L a f t e r  discharge: 

than e.) 

the  energy d iss ipa ted  by Joule  e f f e c t  i n  t h e  switch: 
L" u2 - /I F$ (t) 4 (t) dt - W, - 

0 L + L, (69) 

I t  is r a t h e r  noteworthy t h a t  these  q u a n t i t i e s  of energy, and more par t icu-  

l a r l y  the  energy d iss ipa ted  by t h e  Joule effect i n  t h e  switch, are not a 

function of t h e  r e s i s t ance  of t h e  switch, They are only a function of t he  

i n i t i a l  energy and values of t h e  c o i l s ,  The r e s i s t ance  of t h e  switch only 

p lays  a r o l e  on t h e  rate of discharge (equations ( 6 5 )  and ( 6 6 ) ) .  

I n  the  spec ia l  case i n  which t h e  switch can reach, within a neg l ig ib l e  

period of time, a r e s i s t ance  R which remains cons tan t ,  t h e  cur ren t  i n  t h e  

switch may be expressed, i n  accordance with ( 6 5 ) :  
q 

-A t 
tr (t) - Io e A 

A The t i m e  constant of discharge ii %L 

L + L ~ '  q 

by s t a t i n g  h = 

what would be obtained i f  c o i l s  L and L were discharged i n  p a r a l l e l  i n t o  

resistance R . 

is  then t h e  same as 

U 

q 

(70) 

I n  a l l  cases, s ince  t h e  value of W given by equation ( 6 9 )  is  nev3r zero 2 
when W and L are never zero, it follows t h a t  i n  any t r a n s f e r  of c o i l  to c o i l  

energy, t he re  is always deg rada t im  of a spec i f i c  quan t i ty  of energy i n  t h e  

form of hept no matter what switch is used. 

0 U 

7.3.3, Capacitive use impedance: 

W e  are going to examine t h e  extreme case i n  which t h e  impedance of use 

behaves as a pure capacity Cu (Figure 151, s ince  switch K 
nature  and acquires a constant r e s i s t ance  R 

is not of a c o i l  2 
i n  a negl ig ib le  t i m e .  la 
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Figure 15. 

By respec t ive ly  designating by v ( t ) ,  v , ( t ) ,  v ( t )  t h e  vol tages  a t  t h e  - /83 
U 

terminals of t h e  c o i l ,  switch and capac i tor ,  t h e  Kirchoff equations: 

allow s e t t i n g  up t h e  equation f o r  c i r c u i t  oT-ratioa i n  t h e  form: - -  
cu + * + ;- jv (t) dt . 

% .  
It  may be d i r e c t l y  deduced from t h i s  equation t h a t  vo l tage  v ( t )  a t  t h e  

terminals of t he  conductor does not o s c i l l a t e  when 

(73 1 

R. < $ G  (74 1 
does o s c i l l a t e  when - 

(75 1 

and i n  the  case i n  which R is very high, t he  period of o s c i l l a t i o n  tends toward: 
2 

Comment 1 : 

When, using Figure 15, t h e  r e s i s t ance  R of t h e  switch i s  replaced by t h e  
q 

r e s i s t ance  R given by r e l a t i o n  (27) ,  then, when the  l a t t e r  is replaced by a 

constant resista:ice R 

r e s i s t i v e  charge R 

switch whose r e s i s t ance  R (t) t o  opening becomes very grea t  with respec t  t o  R 

i n  a negl ig ib le  t i m e  period. 

t o  o s c i l l a t e ,  it w i l l  be necessary fo r :  

we are now dea l ing  with t h e  case where a constant - /84 u’ 
has been switched i n  between A and B, i n  p a r a l l e l  with a 

U 

2 U 
Relation (75) shows then t h a t ,  f o r  t h e  discharge 

& c 2 h I  (77)  

This condition w i l l  not be ach’sved when R and C are s u f f i c i e n t l y  small. 
U U 

It  follows t h a t  energy s torage  i n  c o i l s  is espec ia l ly  w e l l  su i t ed  f o r  production 

of damped discharges when impedance of use is  equivalent t o  a low resistance. 
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Comment 2:  

The case which has j u s t  been discussed i n  Coment 1 car be very simply 

compared t o  t h e  case,  where consideration could be given on a dual bas i s ,  

involving energy storage i n  a capac i tor  C ,  t he  use being es tab l i shed  by a 

constant r e s i s t a n c e  R and t h e  c i r c u i t  containing an extra c o i l  L Figure 16. 
U U '  

Figtu- 16. 
The operational equation of such a c i r c u i t  is i n  the  form: - 

L, + R,, l(t) + i$ I l(t) d t  - 0 - 
and allows a non-oscil lating so lu t ion  i ( t )  when: 

".? 2G 
and an o s c i l l a t i n g  so lu t ion  when: 

t h e  period of o s c i l l a t i o n  tendirig, when R i 
U 

7 

-c- 25- J 41 

very small, toward 

- /8 5 
(78) 

(79)  

t h e  value: 

(a1 I 
Relation (83) shows t h a t  t h i s  c i r c u i t  is poorly su i ted  f o r  producing 

damped discharges when use is equi-zalent t o  a low re s i s t ance  and t h i s  becomes 

more and more accentuated as a greater capacity C is used. On t h e  o the r  hand, 

when l a r g e  capac i t i e s  are used (and t h i s  has been found more appropriate t o  do 

when great energies are t o  be s to red ,  cf. P. 8.1.2, f o r  example) r e l a t i o n  (81) 

shows t h a t  it i s  not poss ib le  t o  obta in  low value periods of o sc i l l a t ion .  

As has been seen i n  cowen t  1, s torage  of enercy i n  c o i l s  has no disadvantages. 

7 .3 .4 .  A given use impedance: - /8 6 
Owing t o  i t s  importance f o r  appl ica t ions  (P. 81, w e  are going to 

consider t h e  spec ia l  case i n  which t h e  impedance of use ha8 i n  addi t ion  t o  a 

d i s s i p a t i v e  i e r m ,  a c o i l  term as a function of t i m e .  

t o  t h e  idea l  conditions of one c i r c u i t  without s t r a y  capac i t i e s  and with a 

pe r fec t  switch (P. 7.5). 

R as well as an e x t r c  s e l f  induction L i n t o  t h e  connections (Figure 17). 

We s h a l l  confine ourselves 

Nevertheless, w e  s h a l l  introduce an extra r e s i s t ance  

3 3 
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Figure 17. 

Using t h e  nota t ions  of Figure 15, t h e  pe r fec t  switch can be portrayed 

by the  conditions: 

Let u s ,  therefore ,  consider t h e  discharge of energy i n t o  t h e  c i r c u i t  of 

use (i.e. t 2 0). 

equation: 

The Kirchoff squations are then reduced t o  t h e  s i n g l e  

d i [t) + d f t l  
dt dt 

. I  

I n  t h i s  expression, $ ( t )  i s  t h e  magnetic f l u x  encompassing t h e  use c i r c u i t .  

I t  may be expressed i n  the  case concerning us: 

‘E (t) - Lu (t) 1 (t) 

The expression (84) is then wr i t ten :  

l3u multiplying by i ( t )  dt, both s i d e s  of t h i s  expression, which depic t  

t h e  d i f fe rences  i n  p o t e n t i a l ,  t he re  is  caused t o  appear a r e l a t ionsh ip  between 

t h e  energies which become a f a c t o r  i n  t h e  period of t i m e  ( t ,  t + d t ) :  

2 
The term 1/2 L d i  ( t )  shows, a t  i n s t a n t  t ,  t h e  v a r i a t i o n  of magnetic 

energy s tored  by t h e  superconducting c i r c u i t ,  then t r ave l l ed  through by a 

cu r ren t  with w e l l  defined value i ( t ) ,  when the  current var ies  by d i .  

2 

energy s tored  by t h e  u s e  c i r c u i t  whose c o i l  has a w e l l  d 

then t r ave l l ed  through by a current with w e l l  defined value i(t), when the 

cur ren t  varies by di.  

The term 1/2 Lu ( t )  d i  ( t )  Show6 a t  i n s t a n t  t ,  t h e  - >-aation of magnetic 

.ned value L ( t ) ,  
U 
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These three  terms show, a t  i n s t a n t  t ,  the  va r i a t ions  of magnetic energies ,  

respec t ive ly  i n  the  s torage c i r c u i t ,  i n  the  use c i r c u i t  and i n  the  connections, 

which have resu l ted  from the  va r i a t ions  of t he  corresponding magnetic f i e l d s ,  

exclusively owing t o  a va r i a t ion  of t he  current.  

2 The term R ( t )  i ( t )  d t  depic t s  t h e  energy d iss ipa ted  i n  the use c i r c u i t ,  
U 

t rave l led  through by the  current  with w e l l  defined value i ( t ) ,  between i n s t a n t s  

t and t + dt .  

The t e r m  dL ( t )  i2(t) d t  dep ic t s  t he  energy involved i n  the  use c i r c u i t ,  

t r ave l l ed  through by the  current  with w e l l  defined value i ( t ) ,  as a consequence 

of i ts  va r i a t ion  of c o i l  dL ( t )  between i r ls tants  t and t + dt .  This t e r m  

corresponds t o  t h e  sum of a magnetic energy 1/2 - i ( t )  d t  s tored  i n  the  d t  
dLu(t) i 2 ( t )  d t  created by deformation of t h e  use c o i l  dLU(t)  aiid a work 1/2 

c i r c u i t .  

d h ( t )  2 
U 

d t  

2 
The term R i ( t )  d t  depic t s  t he  energy d iss ipa ted  i n t o  the  connections 

3 
t rave l led  through by the  current  i f t )  between i n s t a n t s  t and t -+ dt.. 

The general case o f  an absolutely given use impedance would go beyond the  

scope of t h i s  a r t i c l e  and w i l l  not be examined. 

cases t h a t  w i l l  be encoptered  w i l l  o f ten  have predominant c h a r a c t e r i s t i c s  t h a t  

more o r  less assoc ia te  them with one of the cases  considered. I n  t h i s  way, i t  

w i l l  be very quickly possible ,  as a f i r s t  approximation, t o  understand the  

general aspect of t he  phenomena. A more de ta i led  ana lys i s  w i l l  then be necessary. 

For p r a c t i c a l  purposes, the 

7.4. Eff ic iency of discharge: 

The e f f ic iency  is the  r a t i o  between the  t ransfer red  energy with use and t h e  

i n i t i a l l y  s tored energy. We are going to est imate  it i n  several  spec ia l  cases. 

7.4.1. Dissipat ive use impedance (transformation of energy i n t o  work, o r  i n t o  

hea t ,  etc....) 

7.4.1.1. Expression of t he  e f f i c i e n c y  

When the  impedance of t he  connections i s  negl ig ib le ,  +he ef f ic iency  can 

be wr i t ten  by designaking by v ( t )  t he  vol tage a t  the  terminals  of use Ru and 

by using (27): 
1 

Y (4 $34. %&rdt 
a ? t  1 & dt 

1 -e- f LI: 
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In  the most spec ia l  case where R is constant ,  (P. 7.3.11, i f  R desigri%tes 
U m 

the  upper boundary of R2( t )  dlrring discharge,  t he re  may be obtained successively: 

1 
c I+ r&;.',4 8, - l + Z  ?z 

7 -  

"+ d t  .I. " 
the  las t  equal i ty  r e su l t i ng  from (50) and (43)  i n  which Rm designated generallq- 

the  upper boundary of R Z ( t ) .  

The r e s u l t  i s  tha t :  

- the  e f f ic iency  w i l l  always be less a t  th2 upper boundary represented by 

the  r i g h t  haad s i d e  of the inequal i ty  (89 ) ;  
- t h i s  upper boundary w i l l  increase i n  height  as Rm increases  with respect  

of t he  s torage c i r c u i t  t o  Ru,  i.e. t he  standard c h a r a c t e r i s t i c  t i m e  consttint T 

w i l l  be lower with respect  t o  the  discharge t i m e  constant T; 

2 

- t h i s  upper boundary of t he  e f f ic iency  w i l l  be b e t t e r  reached when R ( t )  

more .swiftly reaches i t s  m a x i m u m  value. 

t he  r i g h t  of (89) is the value which w i l l  be reached by 1 when I t 2 ( t )  reaches 

i ts  maximum value i n  a zero period of t i m e  and remains set a t  t h i s  value. 

2 
Indeed, t h e  expression completely t o  

In  the  still more spec ia l  case i n  which R is constant  and i n  which R ( t )  
U 2 

is i n  the  fo ra  given i n  (41) (P. 7.3.1.1), t he  expression (88) of t h e  e f f ic iency  

can be formulated beginning from re1 i t i on  (f9.10): 

This rela: . <  - 1  is expressed in- the  following form as a funct ion cf  a and b: 

WI b + 0, a s i t u a t i o n  occurring, f o r  example, i n  the  case of k + 

i n  r e l a t i o n  ( 5 9 ) ,  t he  e f f ic iency  1 expressed above tends t o  t h e  value: 

r e su l t i ng  from the  f a c t  t h a t  a l l  of the  bracketed terms, except f o r  +he f i r s t  

oneg tend i n  t h i s  case t.0 zero. 
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Prac t i ca l ly ,  s ince  the  value of a is C103e t o  uni ty ,  expression (89.3,) 

approaches very quickly t o  its boundary (89.3 

respect  to unity.  

as so3n 8.3 b i s  smal nrith 

When the  impedance of t he  connections i s  not negl ig ib le ,  more p a r t i c u l a r l r  L92 
when the  connections show a res i s tance  R (Figure 18): 3 

> R 

t he  t o t a l  energy d iss ipa ted  by the  connections is: 

t he  t o t a l  energy t ransfer red  i n  USE? is: 

I t ,  therefore ,  follows tha t :  

- the  r a t i o  betweer. energy d iss ipa ted  i n  t h e  connections and t h a t  which 

i q t ransfer red  i n  use: 

- /93 

(89.6) 

- the  r a t i o  between energy t ransfer red  i n  use and tha t  whicn i s  t ransfer red  

i n  the  whole of t he  c i r c u i t  made up by the  use i n  series with its connections: 

(89.7, 

Wheri R is replaced by R + R i n  expression ( 8 9 ) ,  there  i s  obtainec a new 
5 u 3  

expression represent ing the r a t i o  between the  t ,o ta l  energy releaaed i n t o  the  

c i r c u i t  made up by the  use i n  s e r i e s  with i ts  connections emd the  i n i t i a l l y  

atored energy. When t h i s  new expression is mult ipl ied by the  r i g h t  s i d e  of 

expression (89.71, t he re  is thori obtained the  r a t i o  between the  ene:'gy t ransfer red  

i n  use and the  i n i t i a l l y  s tored energy, i.e. the e f f ic iency  of energy t ransfer :  
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. 
In  order f o r  t h i s  m a x i m u m  l i m i t  of e f f ic iency  t o  remain high, it can be - /94 

seen t h a t  R should remain low with respect  t o  R . 3 U 

Bv means of these precautions,  t he  case of an e s s e n t i a l l y  d i s s ipa t ive  use 

impedance is espec ia l ly  favorable t o  t h e  production of e f f i c i enc ie s  c lose  t o  

unity. Ef f ic ienc ies  such as t h i s  have been cu r ren t ly  produced i n  laboratory 

experiments 1553. 

It  should be noted t h a t  t he  removal of magnetic c i r c u i t s  has allowed 

obviat ing a l l  of t he  losse.; which are c h a r a c t e r i s t i c  of them. 

Likewise expression (89.1) becomes: 

with symbols a ' ,  b ' ,  y' represent ing respec t ive ly  t h e  express-ms a ,  b,  y 

i n  which R is replaced by R + R 
U u 3 .  

When b '  + 0, which occurs,  f o r  example, for k + a i n  r e l a t i o n  (591, the re  

may bc found under these conditions:  

Since f o r  a l l  p rac t i ca l  purposes t h e  value of a '  is c lose  t o  uni ty ,  expres- 

s ion  (90.1) very quickly approaches its l i m i t  (90.2) as soon as b' i s  small with 

respect  t o  unity.  

7.4.2. Coil  use impedance: - /95 
The energy t ransfer red  with use L is a magnetic energy whose value is 

J 

provided by expression (671, t he  lat ter allowing us  t o  express the  eff ic iency:  

This e f f ic iency  is m a x i m u m  whea L = L and it has the  value i n  t h i s  case u 
of 1/4. When t h i s  condition i s  rea l i zed ,  the  r e l a t i o n s  (68) and (69) respec t ive ly  

provide : 
0 

W 

4 w = -  
W 

w = -  
2 2  

0 

and, l e t  u s  emphasize, t h i s  l a s t  energy W is released i n  the  form of heat. 2 
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In  t h i s  case, only 25% of the  i n i t i a l  magnetic energy is t ransfer red  i n t o  L96 
t he  use c o i l ,  25% is  re ta ined  i n  t h e  s torage c o i l  and 50% is transformed i n t o  

heat  by Joule e f f ec t .  A l l  these values ,  l e t  us recall (P. 7.3.21, are independent 

of t he  value of t h e  res i s tance  of t he  switch. 

It can, therefore ,  be seen t h a t  with a purely c o i l  use,  t he  energy 

t r ans fe r  e f f ic iency  i s  not only not favorable but even leads  t o  an unavoidable 

and considerable degradation of energy. 

7.5. The switch: 

The switch (K2 on Figures 8, 9,  14 and 15) should have the  following 

cha rac t e r i s t i c s :  

When it is closed: 

- It should allow passage of t h e  t o t a l  current .  

- I t  should have, a l l  connections and junct ions included, a t o t a l  r e s i s t ance  

R s u f f i c i e n t l y  small so as t o  avoid introducing by d i s s ipa t ion  of energy, an 

appreciable a t tenuat ion  of t he  cur ren t  trapped i.1 t h e  s torage circuit  L. Now, 

i n  such a c i r c u i t  t he  trapped cur ren t  i s  at tenuated according t o  t h e  ru le :  

0 

When it is desired t h a t  t he  cur ren t  does ;lot drop below a value I (correspon- 
I 

ding t o  a spec i f i c  a t tenuat ion  -1 during a given s torage period T 

f o r  R t he  condition: 

t h i s  imposes I S' 

0 

(93 1 R , 4 + -  lox i IO 

It is, therefore ,  necessary t h a t  R be s u f f i c i e n t l y  small. 

By way of example, when the  switch,  including its junct ions,  is a super- 

0 

conductor when i t  i s  closed, t h i s  condi t ion is m e t .  

- It should have a s u f f i c i e n t l y  low coe f f i c i en t  of self induction with 

respect  t o  t h e  s e l f  induction of t h e  s torage c i r c u i t ,  as has been seen, i n  the  

case where t h e  charge is car r ied  out  by means of an outs ide  generator (P. 5.1). 

During i t s  openinq 

When the  use impedance is d i s s ipa t ive ,  it has been seen ( r e l a t i o n  (88)  and 

(89 ) )  t h a t  i n  order  t o  produce good ef f ic iency ,  it is required f o r  t h e  

res i s tance  of: t he  switch t o  reach a r e l a t i v e l y  high value i n  a r e l a t i v e l y  shor t  

t i m e  with respect t o  the  durat ion of discharge. - 

- /97 
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When t h e  use impedance is c o i l  i n  n-xture, it has been seen (P. 7.3.2) 
t h a t  t he  r e s i s t ance  of t h e  switch has no e f f e c t  on t h e  e f f i c i ency  but determines, 

on t h e  o the r  hand, t h e  "rateff of discharge. 

Insofar as concerns t h e  coe f f i c i en t  of self induction of t h e  switch, i n  

addi t ion  t o  t h e  conditions r e l a t i n g  t o  t h e  charging of energy (P. 5.1). it i s  

poss ib le  t o  be persuaded e i t h e r  t o  maintain i t  below a value required by t h e  

need of not d i s turb ing  t h e  discharge,  o r ,  on t h e  contrary,  t o  give it an 

optimum value which w i l l  allow producing a w e l l  spec i f ied  l a w  of discharge. 

When it is open: 

It should bear t h e  voltage appearing a t  i ts terminals without giving rise 

t o  i n t e r f e r i n g  phenomena such as flashovers,  etc.... 

During its closure: 

I n  general, t h e  switch is not requi ree  t.0 have c losure  t i m e s  as sho r t  as 

those asked f o r  with t h e  opening. 

poss ib le  be used present ly  can correspond t o  commutations connected t o  cyc les  

of t h e  energy charging operation, such as w e  pointed ou t ,  f o r  example, i n  P. 4.4. 

The swi f t e s t  c losure  t i m e s  which could 

Perfect switch: 

I n  cases  of t r a n s f e r  of active energy Prom the  superconducting s torage  

c i r c u i t  i n t o  the  use c i r c u i t ,  a switch which would d i s s i p a t e  p r a c t i c a l l y  

negl ig ib le  q u a n t i t i e s  of energy during the  period of i ts  use could be considered 

as perfect.  

Several p o s s i b i l i t i e s  are then ava i lab le  f o r  producing switches having such 

cha rac t e r i s t i c s .  W e  a r e  going t o  examine the  following ones: 

- superconducting c i r c u i t  component which is t r a n s i t e d  between superconduc- 

t i n g  and normal states; 

- superconducting contac ts  which are opened and closed mechanically; 

- conducting contac ts  which a r e  opened and closed mechanically; 

- d e s t r u c t i b l e  c i r c u i t  component. 

7.5.1. Component of t he  superconducting c i r c u i t  which is t rans i ted :  

A superconducting c i r c u i t  component i s  used as switch C873 C931. The 

switch is closed when the  c i r c u i t  component is i n  t h e  superconducting state 

(zero  r e s i s t ance )  and is ffopenlf when it is i n  t h e  normal state (non-zero 
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res i s tance) .  

and lfclosedff pos i t ion)  can be very high (cf. Table 2) i n  comparison with t h a t  

of t he  best  conventional switches used up u n t i l  now i n  electrotechnics .  

Nevertheless, with present ly  ava i lab le  superconducting mater ia l s ,  it is not ye t  

possible  t o  produce, i n  absolute  value,  very high r e s i s t ances  i n  "open" 

pos i t ion  without using great  q u a n t i t i e s  of superconductir,g material (P. 7.5.1.3). 

The dy:i,.dic.s of such a switch ( r a t i o  of r e s i s t ances  i n  "openff 

Table 2. 

Comparison between t h e  r e s i s t i v i t i e s  becoming a fac tor  i n  
llopenfl pos i t ion  and "closedfr pos i t ion  i n  t h e  case of :A super- 
conducting switch and a conventional switch. These r e s i s -  
t i v i t i e s  have only one ind ica t ive  value. Indeed, the  corres-  
ponding r e s i s t ances  of t he  switches produced sh.o;iid be 
compared. The conventional switches d isp lay  i n  t h i s  case 
a dynamics which i s  much lower than t h a t  of superconducting 
switches. 

- /99 

R e s i s t i v i t i e s  
becoming a f a c t o r  i n  Superconducting switch Conventional switch 

ffOpenff posi  t i o n  R e s i s t i v i t y  of 
t h e  Nb-k8% T i  
i n  normal state 

10 R e s i s t i v i t y  
i n  t h e  m a s s  
of be t te r -  

io n x  om 
l @ A X  am 

known i n su la to r s  

Possible  
surf ace 
r e s i s t i v i t y  

10 10 A x a m  

tTlosedlf posi  t i o n  R e s i s t i v i t y  
1,7xlO*xo* 

4 3  Upper known l i m i t  
0 ~ 6 x 1 0  nxcm of r e s i s t i v i t y  i n  of a cowen- 

the  supercondbcting t i o n a l  copper 
s t a t e  C961. conductor 

Order of magnitude 
of t h e  possible  

of t h e  r e s i s t i v i -  
t ies becoming a 
f a c t o r  i n  ''open" 
and frclosedlf pos i t ions  

dynamics: r a t i o  ) 2,7 x : 6x(101% S2?) 
7. .  

- 
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In  s p i t e  of t h i s ,  such a switch already has many advantages among which we /lo0 - 
can poin t  ou t  t h e  following: 

- no spark occurs during commutation; 

- t h e  electrical f i e l d  can preserve a uniform d i s t r i b u t i o n  along t h e  

switch during and af ter  i t s  comnutation. The switch can, i n  t h i s  case, sus t a in  

very high overvoltages without de te r iora t ion .  

d i s s ipa t ed ,  of which it is t h e  o r i g i n ,  is s u f f i c i e n t l y  low, i.e. 

This assumes t h a t  t h e  energy 

During a discharge with a d i s s i p a t i v e  impedance, t he  same i s  t r u e  i n  the  case 

where t h e  r e s i s t ance  R ( t )  of t h e  switch reaches a high value with r e spec t  t o  

t h e  equivalent r e s i s t ance  of use i n  a s u f f i c i e n t l y  small period of t i m e  (P. 7.4.1) 
with respec t  t o  t h e  duration of discharge,  

2 

- therc are no moving mechanical parts.  

The switch can be "act ivatedt t  by ac t ing  (P.  1) e i t h e r  on t h e  magnetic f i e l d  

t o  which the  material i s  subjected, o r  on t h e  cur ren t  passing through it ,  or on 

its temperature, o r  on a combination of t hese  q u a n t i t i e s  C551 C891. 
a t  the  present t i m e ,  t h e  ac t ion  on t h e  cur ren t  passing through the  switch has 

turned out  t o  be t h e  least advantageous owing t o  t h e  electrical coupling which 

t h i s  introduces between t h e  t r i gge r ing  c i r c u i t  and t h e  s torage  circuit  as well 

as t h e  d i f f i c u l t y  of introducing on a p r a c t i c a l  bas i s  t h e  very high current 

pu lses  required. This d i f f i c u l t y  turned out  t o  be still  more se r ious  i n  t h e  

spec ia l  case considered i n  P. 7.5.1.3 i n  which the  switch i s  formed by the  

s torage  c i r c u i t  i t se l f .  To increase t h e  cur ren t  i n t o  t h e  switch would then be 

t h e  same as increasing t h e  energy accumulated i n  t h e  s torage  c i r c u i t .  

r e s u l t s  have been obtained up u n t i l  now by ac t ing  simultaneously on t h e  

temperature and magnetic f i e l d  C551. 

I n  r e a l i t y ,  

The bes t  

We have seen i n  P. 7.5 what w e r e  t h e  chief q u a l i t i e s  required of t h e  

switch. We are now going t o  see how they can be obtained. 

- /lo1 

7.5.1.1. C o i l  of t h e  switch: 

The value desired i s  produced by ac t ing  on t h e  geometric arrangement 

of t he  sup&-conducting material. 
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7.5 . 1.2. Transi t ion veloci ty:  

Very f a s t  t r a n s i t i o n  v e l o c i t i e s  have been produced by proceeding with 

two t i m e s  C55-7 C891. During the  first t i m e ,  t he  mater ia l  forming the  switch,  

i n  a l l  i t s  mass, i s  brought very c lose  t o  t r a n s i t i o n a l  conditions. During the  

second time, these  conditions a t  a l l  po in ts  of t h e  material are passed over 

very quickly by means of a wide ampl.jtude pulse  with a very s teep  r ise front .  

Excellent r e s u l t s  have been obtained by bringing t h e  material i n  t h e  first t i m e  

very c lose  t o  t h e  critical temperature then subject ing it i n  the  second t i m e  

t o  a wide amplitude magnetic pu lse  (on the  order ,  f o r  example, of about 

10 kilogauss) with a very fast r ise  f ron t  (on the  order ,  f o r  example, of about 

t en  ~ s ) .  I n  t h i s  way, t he re  has been produced i n  t h e  laboratory,  using 

switches made up by Nb-Zr ccbles  several  t ens  of meters i n  length,  t o t a l  t r ans i -  

t i o n s  from the  superconducting s ta te  t o  the  normal s t a t e  i n  t i m e s  on the  order 

of the  ps. Plans ca l l ,  a t  the  present  time, f o r  achieving much shor t e r  t r ans i -  

t i o n  t i m e s .  Furthermore, it is w e l l  known, f o r  example, t h a t  cryotrons C9l 
(although t h e i r  t r ans i t i on  i s  r e l a t i v e l y  easy t o  produce, s ince  t h e  mass of 

superconducting material i s  very small) can m a k e  t he  t r a n s i t i o n  i n  time on 

t h e  order of 10 s. I t  is known, on the  other  hand, t h a t  t he  t i m e  of re laxa t ion  

of t r a n s i t i o n  from the  superconducting state t o  the  normal state is less than 

s. This  allows, therefore ,  t heo re t i ca l  p red ic t ion  of t he  capab i l i t y  f o r  

t o t a l  t r a n s i t i o n s  i n  times of t h i s  order of magnitude. 

The act of proceeding i n  two times i n  order  t o  t r i g g e r  t he  opening of the  

switch also has o ther  advantages. 

i s  i n  its flclosedlf pos i t ion ,  its use q u i t e  f a r  from its cr i t ical  condi t ions of 

t rans i t ion .  The r e s u l t  i s  t h a t  there  i s  an improvement i n  s t a b i l i t y  and secu r i ty  

of the  c i r c u i t ,  f o r  as w i l l  be seen (7.5.1.3) the  switch cannot be %tabilizedfl 

by methods present ly  used t o  s t a b i l i z e  superconducting windings. Then, by 

ac t ing  on its temperature, it is  possible  t o  ca r ry  forward with prec is ion  the  

whole mass of t he  switch i n t o  condi t ions very c lose  t o  the  c r i t i ca l  condi t ions 

of t rans i t ion .  Thus, it w i l l  then be possible  t o  t r i g g e r  t he  t r a n s i t i o n  by means 

of a pulse  with smaller amplitude while still allowing a l l  po in t s  of t he  switch 

t o  amke t he  t r a n s i t i o n  p r a c t i c a l l y  I f a t  t he  same instant." Figures 19 t o  21 

specify t h i s  r e s u l t  . 

This allows, first of a l l  wnen the  switch 



Figure 19 diagrams as a function of time magnetic pulse  B ( t )  assumed - /lo3 

picked off a t  a w e l l  defined point  i n  space. 

t h e  area of corresponding values f o r  which the  d i f f e ren t  po in ts  of t h e  switch 

make the  t r a n s i t i o n  ( t h e  lower p a r t  dep ic t s  t he  t r a n s i t i o n  of t he  f i r s t  po in t  of 

the  switch and the  upper p a r t  t h a t  of t he  last point) .  The width AB of t h i s  

area comes from the  non-uniformity of t he  material o r  condi t ions i n  which is 

various po in t s  are found ( p a r t s  of t h e  switch located i n  regions of space where 

the  f i e l d  is r e l a t i v e l y  high with respect  t o  the  region where the  f i e l d  is 

depicted by t h e  curve of Figure 19).  

The crosshatched s t r i p  depic t s  

t 

Figure 19. 
To t h i s  range AB the re  corresponds a t o t a l  durat ion of t r a n s i t i o n  A t  

which becomes proport ional ly  grea te r  as Ai3 increases  i n  width and as the  s lope 

of pulse  B ( t )  becomes smaller. 

I t  can, therefore ,  be seen t h a t ,  i n  order  t o  produce t o t a l  t r a n s i t i o n s  

i n  very shor t  t i m e s ,  it i s  possible  to:  

- d i r e c t l y  reduce range AB, f o r  example, by using as uniform as poss ib le  a 

material f o r  t h e  switch which then carries the  whole mass as uniformly as possible  

under conditions very c lose  t o  c r i t i ca l  conditions and by ensuring a s p a t i a l  

d i s t r i b u t i o n  as uniform as possible  of t he  t r igger ing  magnetic pulse;  

- increase t h e  s lope of t h e  magnetic pulse;  o r  again,  i n  t h e  case of a 

given pulse ,  t o  bring the  switch t o  the  l i m i t  of its c r i t i c a l  condi t ions i n  

such a manner as t o  s h i f t  area AB towards the  o r ig in  of t he  coordinates on 

Figure 19. Indeed, it is i n  the  v i c i n i t y  of the  o r ig in ,  i n  t h i s  case, t h a t  

magnetic pulse  B ( t )  is  m a x i m w n .  

When i t  is desired t o  produce t o t a l  and fas t  t r a n s i t i o n s ,  i t  is not possible  

t o  count on propagation from one t r a n s i t i o n  begun a t  one poin t  o r  a t  several  

points  of t he  superconductor. 

i n t o  the  superconductor i s  r e l a t i v e l y  low. Under b e t t e r  condi t ions it reaches 

several  t e n s  of meters per  second c901 [g l ]  and it is f o r  t h i s  reason t h a t  

Indeed, t he  propagation ve loc i ty  of t he  t r a n s i t i o n  
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it is found appropriate t o  i n i t i a t e  t he  t r a n s i t i o n  as uniformly as poss ib le ,  

i.e. a t  a l l  po in t s  of t he  switch Ifat t he  sme time1' C55! C591. 
tnen appears abrupt ly  and it l1instantaneouslyfl acquires  the  m a x i m u m  possible  

value,  i r e .  t h a t  corresponding t o  the  normal s ta te  a t  a l l  points  of t h e  switch. 

Figure 20 diagrams the  va r i a t ion  of' res i s tance  R 2 ( t )  of a switch when t h e  

t r a n s i t i o n  has not been uniformly i n i t i a t e d  and Figure 21 diagrams t h e  va r i a t ion  

i n  res i s tance  of t he  same switch when t h e  t r a n s i t i o n  tias been uniformly i n i t i a t e d .  

I n  addi t ion,  on Figure 20, a l l  po in t s  of t h e  switch have not ye t  made the  transi- 

t i o n  within the  t i m e  i n t e r v a l  shown. 

The r e s i s t ance  

- /lo5 

I 

%(t) 1- - - - - - - - - .- 
1 

0 
0 10-3. 

Figare 21. 

We have used i n  P. 7.3.1.1, i n  order  t o  depict  t he  va r i a t ion  of r e s i s t ance  

R ( t ) ,  the  empirical function 141) whose general aspect i s  diagrammed by Figure 

12. W e  are going t o  see what physical  phenomena can r e f l e c t  t h i s  law.  
2 

- /lo6 

L e t  us consider t he  switch as made up by a uniform superconductor r e s u l t i n g  

from the longi tudinal  juxtaposi t ion of a great number of i den t i ca l  domains 

having the  following propert ies :  

- the  res i s tance  of a domain i n  t h e  superconducting state i s  zero; 

- the  res i s tance  of a domain i n  the  normal s t a t e  has a f i n i t e  value,  such 

t h a t  i f  a l l  t he  somains forming the  switch are i n  the  normal s ta te ,  t h e  r e s i s t ance  

of t he  switch i s  equal t o  R m i  - the  t r a n s i t i o n  from one domain is instantaneous with respect  t o  the  

durat ions which are going t o  be considered. 

A t  i n s t a n t  t ,  during t r a n s i t i o n ,  l e t  us  designate by x ( t )  the  re la t ive  

proportion of t he  domains which have not ye t  t r ans i t ed  with respect  t o  the  

t o t a l  number of t he  domains forminc the  switch. I t  w i l l  follow tha t :  

R&? (t) - R, 1 - x (t) ) (95 1 

L e t  us assume t h a t  a t  any i n s t a n t  t h e  r a t i o  between the  nwber  of domains 

which t r a n s i t  per  u n i t  of t i m e  and the  number of domains which have not y e t  
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t r ans i t ed  i s  constant. L e t  us designate by k t h i s  constant r a t i o .  It w i l l  

follow tha t :  
-2%- 

, * -  with k >  (96) 

By in tegra t ion  between i n s t a n t s  0 and t ,  the  following is  obtained: 

I (t) I e-kt (97) 

and expression (95) becomes then 

Rp (t) - Rm ( 1-0 -kt) 
. .  

which i s  the same as expression (41). 

(98) 

7.5.1.3. Resistance i n  Ifopenff posi t ion:  - /lo7 
Since the  case i n  which it is desired t h a t  res i s tance  i n  the  fropen" 

pos i t ion  be high is  the  most d i f f i c u l t  t o  produce and s ince  it i s  encountered 

when it i s  sought t o  produce f a s t  discharges,  w e  a r e  going t o  examine it more 

p a r t i c u l a r l y  when the  impedance of use i s  d i s s ipa t ive  (Figures  8 and 9 i n  which 

ZU is  replaced by Ru).  

taken by t he  resistance of t h e  switch have an e f f e c t  on eff ic iency.  In  order  

f o r  the  energy t o  be t ransfer red  i n t o  the  r e s i s t ance  of use R 

i n t o  the  switch) ,  it is necessary fc: res i s tance  R ( t )  of t he  w i t c h  t o  become 

much greater  than RU within a tirue very shor t  with respec t  t o  the  durat ion of 

discharge. 

W e  have seen (P. 7.4.1) t h a t  i n  t h i s  case t h e  values  

(and not d i ss ipa ted  
U 

2 

7.5.1.3.1 . Separate switch: 

When the  switch i s  d i s t i n c t  from the  s torage c i r c u i t  and when it is 

such t h a t  it is  not destroyed a t  t i m e  of discharge,  it is "optimizedft when, 

f o r  a given t o t a l  current  I and a normal res i s tance  R t he  volume sl of t h e  

superconducting mater ia l  used is m i n i m u m  (s designating t h e  sec t ion  of t h e  

superconducting mater ia l  forming the  switch and 1 is length).  

m'  

Designating the  r e s i s t i v i t y  of t he  superconducting material i n  t h e  normal 

s ta te  by p ,  the  res i s tance  of t h e  switch i n  the  normal s ta te  may be expressed: 

(99) 

and s ince  
I ' < .  

6 designating the  c r i t i ca l  cur ren t  dens i ty ,  t he  following must be t rue :  
C 

.f - 2Y.L 
p 4d 

/io8 - 
(100) 
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When R and I are given, i t  is therefore  necessary, i n  m 
minimum,  t h a t  t h e  following be t rue:  i-1 

More p a r t i c u l a r l y ,  t h i s  condition leads t o  t h e  removal 

order f o r  sl t o  be 

(102 1 

of the  conductive 

shed,hing which i s  generally used with superconducting mater ia l s  i n  order t o  

s t a b i l i z e  them. 

t h e  apparent r e s i s t i v i t y  of t h e  superconductor used i n  t h i s  way when it i s  i n  

t h e  normal state. 

I n  r e a l i t y ,  t h e  conductive sheathing has the  e f f e c t  of reducing 

By ac t ing  on t h e  configuration and geometrical arrangement of t h e  material, 

In  addi t ion ,  it w i l l  be found it w i l l  be poss ib le  t o  increase t h e  product pfj2 . 
appropriate t o  select f o r  t h e  switch a material d i f "e ren t  from t h e  one which 

w i l l  be lloptimizedlt (cf, f o r  example, r e l a t i o n  (24)) f o r  t he  s torage  winding. 

C 

We have undertaken i n  these  l a s t  few years d i f f e r e n t  works regarding these  

3 v w  wrks  are c h i e f l y  or ien ted  toward new materials a s  w e l l  as questions. 

toward configurations with layers.  

7.5.1.3.2. Mixed switch: - /lo9 

The so lu t ion  described above r equ i r e s  t h e  use of a s p e c i f i c  quant i ty  

of superconducting material so as t o  produce t h e  s torage  winding with s e l f  

induction coe f f i c i en t  L which w i l l  have t o  preserve a negl ig ib le  r e s i s t ance  

during discharge c h i e f l y  i n  the  case of Figure 80 

conducting material w i l l  have t o  be used i n  order t o  produce t h e  switch with 

normal r e s i s t ance  R which w i l l ,  on t h e  o ther  hand, have Q neg l ig ib l e  co i l .  

It i s  more economical t o  cause t h e  same superconducting material t o  simultaneously 

p lay  t h e  r o l e  01 storage c o i l  as w e l l  a s  switch 1921. In  this case,  then, t he  

circuit shown i n  Figure 9 is used and it is the  whole winding L (made up by an 

unsheathed superconductor) which has t o  be t r a n s i t e d  i n  order t o  IICFCC'~ t h i s  

s torage  circuit .  

gaining t h e  maimun possible normal r e s i s t ance  since it is  made t o  t r a n s i t  t he  

whole superconductor used. 

from an improvement i n  e f f i c i ency  as well  as from a saving i n  imterial. 

Another quant i ty  of super- 

m 

This allows, for a given quant i ty  of superconducting material, 

It is  poss ib le  i n  t h i s  way t o  simultaneously p r o f i t  

The optimization of t h e  c i r c u i t  can then lead t o  the  making of a compromise 

between a condition of t he  type (102) corresponding. as it w i l l  be seen with a 

t i m e  constant c h a r a c t e r i s t i c  of t h e  minimum c i r c u i t  and a condition of type (2h)  
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cox-esponding t o  a m a x i m u m  of s tored  energy. A t  any ra te ,  i n  both these  types 

of r e l a t ionsh ips ,  it is  poss ib le  t o  see  the  importance played by t h e  c r i t i c a l  

cur ren t  density. We s h a l l  not go f u r t h e r  i n t o  d e t a i l s  a t  t h i s  point. 

/110 
u 7.5.1.3.3. Ef fec t  of t h e  nature of t h e  superconducting material: 

We have seen (P.  7.4.1) i n  t h e  case of discharge with a d i s s i p a t i v e  

impedance t h a t ,  i n  order t o  obta in  a good e f f i c i ency  of energy t r a n s f e r ,  it w a s  

necessary f o r  t h e  resistance of t he  switch t o  reach, i n  a t i m e  s u f f i c i e n t l y  

sho r t  with respec t  t o  t h e  dura t ion  of discharge, a value R which w a s  s u f f i c i e n t l y  

high with respect t o  t h e  values of use res i s tance .  

i n t e r e s t s  of s impl i f ica t ion ,  t h a t  t h e  r e s i s t ance  R 

preceding ccjndition is rea l ized .  
L 

storage c o i l  being given, t he  t i m e  coristailt - 
L R 

t he  c i r c u i t  with i tself  i s  then small with rezpect t o  time constant - of d i s -  

charge of storage c i r c u i t  with use. When the  na t ive  and quant i ty  of supercon- 

m 
L e t  us assume, i n  t h e  

i s  constant and t h a t  t h e  
U 

The value of induction coe f f i c i en t  L of t h e  

c h a r a c t e r i s t i c  of discharge of 

RU 

L 
ducting material  used are given, t h e  t i m e  constant R c h a r a c t e r i s t i c  o f  discharge 

of t h e  c i r c u i t  with i t s e l f  w i l l  c l e a r l y  be m i n i m u m  when R is made m a x i m w n .  

This w i l l  be accomplished when t r a n s i t  of t h e  whole superconductor is made, 

i.e. when t h e  storage c o i l  i t se l f  i s  used as a switch (P. 7.5.1.3.2) which 

m a k e s  necessary recovery of t h e  energy through the  intermediary of a coupled 

c i r c u i t  S (Figure 9). 

m 

m 

L e t  us  assume, again i n  t h e  i n t e r e s t s  of s imEl i f ica t ion ,  a pe r fec t  coupling 

between windings L and S of t h e  transformer made i n  t h i e  way. L e t  us  designate 

by There i e  then 

a s t r ic t  r e l a t ionsh ip  between L and S a3 follows: 

z 

and ns 'ine numbers of respectiv: t u rns  of t hese  windings. 

(103 1 "s ) 2 9 - L  (- 

Under these conditions,  t he  circuj.t of Figure 28 can be replaced by the  - /I11 
equivalent c i r c u i t  of Figure 23 i n  which r e s i s t ance  R' ( t )  is equal 50 r e s i s t ance  2 
R2 ( t ) ,  shown by c o i l  L during its t r a n s i t i o n ,  multiplied by the  square of t he  

r a t i o  of tranuformation - : r5s 
nL 
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Figure 22. Figure 23. 

A t  t he  i n i t i a l  i n s t a n t ,  r e s i s t ance  R t  ( t )  i s  therefore  s t r i c t l y  zero. 
2 

The equivalent cur ren t  I 

c i r c u i t  of Figure 23 is  equal t o  

trapped i n  the  equivalent c o i l  S of t he  equivalent 
S 

(105) 
r.L Is - I, - 
"s 

i n  which I is the  in i t ia l  cur ren t  trapped i n  the  real circuit (Figure 22). 

It is confirmed t h a t  t he  energy thus  i n i t i a l l y  s tored  i n  the  equivalent 

c i r c u i t  (F i  gure  23 

(106) - /112 2 1 
y - +. . 3. TL: 2 - 7 1 - L ("1 5 2  . O , - g y -  * L. Io z S 

is iden t i ca l ly  equal t o  the  energy i n i t i a l l y  s tored i n  the  real c i r c u i t .  

When c o i l  L w i l l  t r a n s i t ,  its re s i s t ance  R 

and the  equivalent res i s tance  R; ( t )  i n  t h e  equivalent c i r c u i t  w i l l  reach the  

( t )  w i l l  reach a value R 
2 

corresponding value R' provideti by 

It is  confirmed t h a t  t he  t i m e  

circuit: 

constant c h a r a c t e r i s t i c  of t he  equivalent 

i s  the  same as the  one f o r  t he  real c i r c u i t .  

I t  is likewise confirmed t h a t  t h e  discharge t i m e  constant of t h e  equivalent 

c i rcu i t  : L ( X i 2  

(109 )  
-- - 't .. ,L., 

rjS Ru 
(&>2 r.. 

au R4 

i s  the  same as the  one f o r  t he  real circuit. 

When the  value of L is specif ied on a preliminary bas is ,  t he  fact  of 
S 

with a discharge t i m e  constant - wishing t o  supply a given use rcbsistance R 

prescr ibes  the  value of S, i.e. t he  value of transformation r a t i o  %. 

order f o r  the  eff ic iency t o  remain high, it is necessary f o r  t he  c h a r a c t e r i s t i c  /113 

This def ines  t i m e  constan- t o  be much less than discha:-ge t i m e  constant 
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t he  value of R; which should s a t i s f y  the  r e l a t ion :  

which according t o  (1071, defines  the  value of R : m 

j2 RU 
S 

(111 1 

Noteworthy property: 
L 

We a re  going t o  show t h a t  time c o n s t a n t E  c h a r a c t e r i s t i c  of t he  c i r c u i t  
-_ m is always the  same no matter how the  superconducting mater ia l  is used o r  arranged, 

and regardless  of t he  value of t he  c o i l  produced ( f i n e  wire and great  number of 

t u rns ,  cable with heavy sec t ion  and small number of tu rns ,  o r  even a massive 

c i r c u i t  made up by a s ingle  turn  C74al), when the  quant i ty  of material used i s  

spec i f ied ,  once a se lec t ion  has been made of shape and bulk dimensions of t he  

s torage c o i l ,  This time constant is a funct ion,  on the  o ther  hand, of t he  nature  

of t he  mater ia l  used, i.e. of its normal r e s i s t i v i t y .  

Let us assume a c o i l  L produced using a length 1 of superconducting wire 

with sect ion s. Designating by p t he  normal r e s i s t i v i t y  of t he  superconductor, 

t he  corresponding normal res i s tance  w i l l  be: 

(112) I - P T  
/114 - By keeping constant t he  quant i ty  of mater ia l  used, le t  us  multiply by N 

(g rea t e r  o r  less than 1) the  nmber  of t u rns  i n  the  winding. 

used w i l l  be mult ipl ied by N and the  sect ion of w i r e  divided by N ,  i n  order f o r  

t he  t o t a l  volume of t he  material: 

The length of wire 

Np. + 1. (113) 

t o  remain constant. The normal res i s tance  w i l l  then be equal to:  

Now, according t o  (22),  t he  induction coef f ic ien t  of t h i s  new winding w i l l  

be : 

The cha rac t e r i s t i c  time constant of t he  new circuit w i l l  be: 

It is ,  therefore ,  independent of t he  value of t he  c o i l  produced. 
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On the  o ther  hand, when the  superconducting mater ia l  i s  replaced by a 

mater ia l  having a normal r e s i s t i v i t y  p times higher,  t he  normal r e s i s t ances  R, 

and R f  w i l l  each be mult ipl ied by p. The c h a r a c t e r i s t i c  time constant of t he  

c i r c u i t  ( r e l a t i o n  (116)) w i l l  then be divided by p. 
m 

The r e s u l t  i s  t h a t  when, with a given quant i ty  of a given mater ia l ,  t he  

m a x i m u m  possible  stored energy i s  produced, t he  m a x i m u m  "velocity" a t  which it 

could be hoped t o  discharge t h i s  energy w i l l  be l imited by the  normal r e s i s t i v i t y  

of the  mater ia l  considered. This r e s u l t  has led us t o  d i r e c t  our research 

e f f o r t s  toward the  st.idy of materials showing high r e s i s t i v i t y  i n  t h e  normal 

s t a t e .  

- /115 

A t  any r a t e ,  s ince a material is given, it is always poss ib le  t o  reduce t h e  
L 

cha rac t e r i s t i c  time constant - of the  c i r c u i t ,  i.e. increase the  m a x i m m  

"velocityf1 of discharge possible.  I t  is enough t o  produce, with the  given 

quant i ty  of material ,  a t o t a l  c o i l  l e s s  than the  max imum c o i l  which could be 

RPI 

produced. 

is added t o  a superconducting c o i l .  It is always possible  t o  increase the  value 

of the  normal res i s tance  R oi t he  switch beyond a given value. However, t h i s  

is the same th ing ,  f o r  a determined s tored energy, as using a quant i ty  of 

superconducting mater ia l  which is j u s t  a s  high. 

This i s  what happens, f o r  example, when a c o i l l e s s  switch (Figure 8) 

q 

7.5.1.3.4. Effec:t of t he  geometrical dimensions of t h e  c i r c u i t :  

It can be asked how the  c h a r a c t e r i s t i c  time constants  and s tored 

energies vary i n  the  case of geometrically a l i k e  windings. According t o  the 

r e s u l t s  of t he  preceding paragraph, t he  l a w  of va r i a t ion  w i l l  be the  same no 

matter what may be the  values of t he  self induction coe f f i c i en t s  of t he  windings 

considered, 

i.e. such t h a t  a l l  dimensions of one winding ( including there in  the  w i r e  dimen- 

s ions used) a r e  a multiple (y of the  corresponding dimensions of t he  other. 

We a re  therefore  going t o  consider t r o  s t r i c t l y  s i m i l a r  windings, 

Let us designate by: 

t and L' ... the  coe f f i c i en t  of s e l f  induction of t he  two windings, 

R and R '  ... t h e i r  normal res i s tances ,  

I and I '  ... the  trapped cur ren ts ,  

H and H '  ... the  magnetic f i e l d s  a t  homologous poin ts ,  

W and W' ... t he  corresponding s tored energies. 

/116 - 
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By using the  degrees of homogeneity of these  d i f f e r e n t  quan t i t i e s  with 

respect  t o  length,  it follows tha t :  
.* 
A. - d L  

R' - & -c 

and hen the  same current  dens i ty  is preserved: 

I' -N2 I 

The re la t ionship  between the  cha rac t e r i s t i c  t i m e  constants  of t he  two 

windings is deduced from it: 
L' L 

3 F -  d2 - 
and the  re la t ionship  between the  s tored energies: 

(113) 

(120) 

(121 1 

Indeed, s ince  the  superconducting mater ia l  used is the  same f o r  both 

windings, i ts cri t ical  f i e l d  w i l l  be the  same i n  both cases f o r  a given cur ren t  

density. I n  t h i s  case,  it w i l l  be appropriate t o  compare the  energies  s tored 

f o r  a same f i e l d  i n  the  v i c i n i t y  of the  material .  

it w i l l  be appropriate i n  ordcr t o  prererve the  same f i e l d  a t  homologous poin ts  

t o  use a current  Iff given by the  re la t ion :  

In - 41 (123) 

In  t h i s  case, i n  order  t o  use the  minimun of superconducting mater ia l ,  

it w i l l  be appropriate t r ,  preserve the  same current  dens i ty  i n  both windings. 

This W i l l  only be possible  when the  thickness of t he  second winding is not 

muitiplied by Q. However, i n  t h i s  case,  both windings w i l l  no longer be 

geometrically a l i k e ,  s ince  the  thiclmesses of t he  windings have been kept 

ident ica l .  

The res i s tances  and coe f f i c i en t s  of s e l f  induction ( f o r  windings with 

narrow thickness) w i l l  be connected by r e l a t ions :  

(124 

L " -  o ( L  (125 

A 
R" - - - W -  R 4 

whence is deduced: t he  r e l a t i o n  between cha rac t e r i s t i c  t i m e  constants:  
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t h e  r e l a t i o n  between s tored energies  

W "  I1 L' y 2  -0.0 2 1 L 12 L d 3  id (127) 
2 

2 
In  t h i s  case,  the  s tored energy w i l l  increase as cy (with the  winding 

thickness  remaining constant) .  

dens i ty  and induction may be recovered. 

Relation (24) W - m3'2 with constant  cur ren t  

The cha rac t e r i s t i c  t i m e  constant of the  c i r c u i t  increases  as cy whereas 
3 t he  s tored energy increases  as Q . 

In  order  to  conclude discu4sion:of the  spec ia l  f ea tu re s  of t he  switch - /118 
formed by one c i r c u i t  component which iP is made t o  t r a n s i t ,  it can be sa id  t h a t  

with t h i s  type of switch it is possible  t o  obta in  very f a s t  openings but t h a t  

with present ly  ava i lab le  superconducting materials the  values of t h e  f i n a l  

r e s i s t ance  ( i n  open pos i t ion)  are not now very high. 

7.5.2. Mechanically actuated superconducting contacts:  

The switch is formed by superconducting contac ts  which are mechanically 

separated i n  order t o  cause opening. This opening is not as swif t  as i n  the  

preceding case and, i n  addi t ion ,  it can cause arcing. 

This disadvantage is  p a r t i a l l y  remedied by using contac ts  under vacuum. 

It i s  even possible  i n  order  t o  a i d  ex t inc t ion  of t he  a r c ,  t o  i n s t a l l  a capaci tor  

a t  the  switch terminals  [943.  
i n  such a manner t h a t  t h e  p a r t s  which are separated l a s t  during opening, or 

those coming i n  contact first during closure,  are duplicated by a superconducting 

contact  forming a s o r t  of lock i n  closed posit ion.  In  t h i s  way, t h e  components 

intended f o r  t he  comuta t ion  funct ion are separated from those used i n  t h e  

closed pos i t ion  f o r  ensuring cont inui ty  of the  superconducting c i r cu i t .  

It is addi t iona l ly  possible  t o  design t h e  switch 

The advantage of such a switch i s  such t h a t  it can have p r a c t i c a l l y  zero 

resistance i n  closed pos i t ion  and p r a c t i c a l l y  inf ini te  r e s i s t ance  i n  open posi- 

t ion .  

The possible  uses of such a switch are as follows: 

- i t  can be used f o r  discharge of a s tored energy with a d i s s i p a t i v e  impe- 

dance of use (switch K on Figures  8 and 9). 
opening, i t s  resistance R 
with respect  t o  t h e  durat ion of discharge,  from a very low value t o  a very 

It is necessary t h a t ,  during its 2 
( t )  passes  on abrupt ly  ( t i m e  period A t  on Figure 24) Lll9 2 
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high value with respec t  

r e s i s t ance  shown by t h e  

s torage  c i r c u i t  remains 

t o  t h e  values of use r e s i s t ance  R 

switch remains qu i t e  s m a l l ,  t h e  t i m e  constant of t h e  

qu i t e  l a r g e  and the  energy remains stored. 

( t ) .  As long as the  
U 

t P 2 ( t )  

t 

A-ea of 

0 

Figure 24. 

As soon as t h e  r e s i s t ance  of the switch becomes higher than the  use resis- 

tance,  t h e  s tored  energy is discharged i n t o  use; 

- it is poss ib le  t o  use t h i s  switch as a s a f e t y  device intended t o  shunt i n  

another switch (P. 6.3). 
no d i f fe rence  i n  po ten t i a l  appearing between its te rmina ls ,  i.e. without causing 

an arc; 

I n  t h i s  case,  it can be actuated with p r a c t i c a l l y  

- it can be used as a disconnecting switch. It is only actuated when t h e  

Two examples of t h i s  have been associated cur ren t  passing through it i s  zero. 

with t h e  s ta t ic  transformer, forming t h e  subjec t  of reference C701, used for 

energy charging. I n  t h i s  case, t h e  voltage a t  i ts terminals is zero when it is 

actuated. No arc can appear; /120 - - it can even be used as an i s o l a t i n g  switch i n  order  t o  separa te  two super- 

conducting c i r c u i t s  which a r e  t o  be i so l a t ed  from each o ther  and between which 

high voltages can appear. This case can occur, f o r  example, when i t  i s  desired 

t o  separate the  energy charging device from t h e  s torage  device before carrying 

ou t  t he  discharge. The switch can then sus t a in  i n  t h e  open pos i t i on  very  high 

d i f fe rences  i n  po ten t i a l  which are a function of t h e  d is tance  between its contacts. 

7.5.3. Mechanically actuated conducting contacts: 

S o m e  s w i t c h e s - i s o l a t i n g  switches, c i r c u i t  breakers - can have i n  t h e i r  

c losedpos i t ion  contact r e s i s t ances  which are s u f f i c i e n t l y  small t o  be ab le  t o  

be used i n  place of t h e  preceding switches. 

be made a t  ambient temperature, o r  brought t o  a low temperature i n  order t o  

reduce t h e i r  res i s tance .  

!heir con tac t s  and oonncctions can 
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7.5.4. Dest ruc t ib le  c i r c u i t  component: 

The switch can be formed by a c i r c u i t  component (whether superconducting 

o r  no t )  which is destroyed. The c i r c u i t  should be such t h a t ,  during rupture ,  

t h e  electrical  arc coming from t h e  des t ruc t ion  of t h e  material i s  in te r rupted  

quickly enough. 

preceding ones although, f o r  p r a c t i c a l  purposes, it only opera tes  a t  t h e  

opening. 

ation. 

Such a switch can be used under t h e  same conditions as the  two 

I n  addi t ion ,  t h e  destroyed p a r t  must be replaced following each oper- 

/121 7.6. Special  f ea tu re s  of t h e  c i r c u i t s :  - 
The c i r c u i t s  should have c h a r a c t e r i s t i c s  d i f f e r e n t  from those which are 

sought after i n  t h e  technology of in tense  magnetic f i e l d s .  Among others:  

Since windings are t h e  seat of l a rge  flux v a r i a t i o n s  during discharge,  

t h e r e  can appear high voltages as w e l l  as subs t an t i a l  induced cu r ren t s  i n  t h e  

adjacent conducting masses. Consequently, t h e  superconducting t u r n s  ( i f  it 

involves a winding formed from tu rns )  should be e l e c t r i c a l l y  insu la ted  from each 

other.  

windings (primary, secondary windinys...etc.) t h e  l aye r s  or windings should be 

s u i t a b l y  insulated.  

Likewise, when the  winding is formed by severa l  l aye r s  o r  by severa l  

The use of metal carcasses o r  metal hoops which could behave a s  sho r t  

c i rcu i t  t u r n s  coupled t o  t h e  s torage  circuit  and could be t h e  loca t ion  of l a r g e  

Foucault cur ren t3  i s  re j ec t ed  out  of hand. 

be taken, insofar  as concerns t h e  c ryos t a t  enclosing t h e  winding, when it is  

metal o r  when it includes metal 01’ metall ized par t s .  

e i t h e r  t o  use materials with high electrical r e s i s t i v i t y ,  s u i t a b l y  arranged 90 

as t o  reduce t o  t h e  minimum the  coupling with storage device,  o r  t o  use e l e c t r i -  

c a l l y  in su la t ing  materials. This,  therefore ,  more p a r t i c u l a r l y  p roh ib i t s  some 

of t h e  f f s t a b i l i z a t i o n f f  methods present ly  used t o  produce permanent magnetic 

f i e l d s  . 

Likewise, t he re  are precautions t o  

It can be appropriate 

Magnetic materials now on t h e  market a r e  a l l  found t o  be saturated i n  t h e  

v i c i n i t y  of 25 kG. It has,  f o r  t h i s  reason, been found generally advantageous 

not t o  use a magnetic circuit. 

as t o  obta in  a good magnetic coupling between windings (e.g., primary and 

secondary). 

l a r g e  diameter with respect t o  the  thickness 03 windings. 
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This then compels precautions t o  be taken so 

Success i s  achieved i n  t h e  lat ter by using windings which have a 

S u f f i c i e n t l y  insu la ted  



/I22 intermeshed windings can also be used. - 
In the case of high-speed discharges, i t  can even be appropriate to take 

special  precautions for r2duction of the "skin e f f ec t"  on the  conductors. 
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8. Some Presently Possible Applications - /125 

Since t h e  use of superconductors f o r  s torage  and discharge of e l e c t r i c a l  

energy i s  q u i t e  new, the re  a r e  as yet no indus t r i a l  designs. 

the  p o a s i b i l i t i e s  are many, ranging from t h e  mere subs t i t u t ion  f o r  t r a d i t i o n a l  

energy discharge devices t o  new uses of energy which t h e  spec ia l  p rope r t i e s  of 

superconductors now make possible.  

Nevertheless, 

Spec i f i ca l ly ,  le t  us  recall t h a t  superconductors allow: 

- s torage  of very high energies (P. 6.71, thus extending t h e  present-day 

appl ica t ions  of conventional devices f o r  s torage  of e l e c t r i c a l  energy; 

- producing very high d e n s i t i e s  of s tored  e l e c t r i c a l  energy (P.  6.71, 
leading t o  reduced space requirements; 

- producing very f a s t  discharges and consequently high powers; 

- supplying use impedances with very d i f f e r e n t  values,  s ince  severa l  use 

c i rcu i t s  can even be supplied a t  t h e  same t i m e  by m e a n s  of conventional secondary 

windings (P. 7.2); 

- producing very high cu r ren t s  o r  voltages (P. 7.2); 

- obtaining high e f f i c i e n c i e s  s ince  the  superconducting device o f f e r s  new 

c a p a b i l i t i e s  f o r  adaptation of impedance and i n  t h i s  way producing discharges 

damped with t h e  d i s s i p a t i v e  impedances of use (P. 7.3.1); 

- and, l a s t l y ,  being ab le  t o  s t o r e  energy a t  very low temperatures. 

I n  t h e  following it w i l l  be poss ib le  t o  d iscr imina te ,  i n  t h e  passing, 

between: 

- fast  discharges wheii i t  is c h i e f l y  sought t o  produce e i t h e r  very shor t  

r e l e a s e  times o r  great powers; 

- ltslowll discharges when t h e  ch ief  i n t e r e s t  is i n  t h e  poss ib le  duration of 

use of energy which has been stored. 

I n  the  fu tu re ,  t h e  combined use of both these  types of discharges can be 

planned on i n  some cases. 

/126 

8.1 Discharges i n t o  gas: 

The discharge i n t o  a gas causes t h e  c rea t ion  of a plasma consequent t o  t h e  

ion iza t ion  of gas molecules. Depending on t h e  i n i t i a l  pressure of t h e  gas it 

is possible t o  obta in  d i f f e r e n t  types  of dischargea C981. The energy and degree 
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of ion iza t ion  of t he  p a r t i c l e s  forming t h e  plasma are connected t o  the  e l e c t r i c a l  

f i e l d  i n  the  discharge. 

t he  current.  In  discharge,  the  ionized p a r t i c l e s  are i n  motion and t h e i r  

s p a t i a l  d i s t r i b u t i o n  can gradually develop i n  the  course of time. This gradual 

development can even lead t o  a deformation of the  plasma ( t h e  phenomenon of 

contract ion i s  one well-known example of t h i s )  o r  a motion of t he  whole plasma 

( t h i s  is, f o r  example, the  case during e j ec t ion  of plasma by a plasma gun 

(P .  8.1.5)). The plasma can be considered, taken as a whole, as a deformable 

c i r c u i t  leading, i n  i ts deformation, t o  a modification i n  the  s p a t i a l  d i s t r ibu -  

t i o n  of t he  magnetic f i e l d .  The res i l t  is t h a t  there  i s  a var i a t ion  of f l u  and 

the  corresponding back electromotive force  i s  given by the term 

of equation (86). 
energy expressed by the  term 

above (P.  7 . 3 . 4 )  i s  d i s t r ibu ted  i n  equal quan t i t i e s  as magnetic energy and 

work. 

8.1.1. Practical production of power supply: 

6.1.1 -1. Discharges between electrodes:  

The number of these p a r t i c l e s  i s  ch ie f ly  connected t o  

d L , ( t )  
d t  

To t h i s  back electromotive force  the re  corresponds an 

L ( t )  i 2 ( t )  d t  of equation (87) which, as seen d t  

I t  is possible  t o  connect the  electrodes,  among which it i s  desired 

t o  

as 

perform the  discharge,  d i r e c t l y  t o  terminals A and B of the  s torage c i r c u i t  

shown on Figure 25. 
cryogenic chamber 

r -  -- - - -. - - - - - L- 

; ( T b  chamber containing gas 

I B 

I .  
0 -  I 
I , g u  e lec t rodes  - 
1 q(t)  ; 
I 
I 

Figure 25. 

0' 
Since the  superconducting c o i l  L has been charged by a d i r e c t  cur ren t  I: 

when the switch K is opened, there  appears between po in t s  A and B a di f fe rence  

i n  poten t ia l  v ( t )  given by r e l a t i o n  ( 2 9 )  ( i n  which i t  is enough t o  replace R ( t )  

by res i s tance  R (t) of the  switch) as long as the  discharge i n t o  t h e  gas has 

not begun: 

2 

2 
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I t  has been seen (P. 7.3.1) t h a t  t h i s  d i f fe rence  i n  po ten t i a l  i s  increasing 

Consequently, as soon as t h e  d i s rup t ive  voltage is reached (up t o  a m a x i m u m ) .  

i n  t h e  gas (P. 91, discharge begins i n t o  the  gas. 

The connections of t h e  e lec t rodes  a t  po in t s  A and B a r e  made by means of L128 

normal conductors (e.g., copper o r  aluminum). These conductors can form a l i n e ,  

e.g., a coaxial  l i n e  i f  required,  etc.... I n  order t o  avoid during discharge 

the  disadvantages a r i s i n g  from an accidental  t r a n s i t i o n  of t he  superconducting 

s torage  c o i l ,  it is possible t o  sheathe the  superconductor forming it with a 

normal conductor (e.g., aluminum o r  copper) t o  which are then attached the  

connections of t h e  discharge e lec t rodes  'L571. 

these  e lec t rodes  by means of a secondary winding formed by a normal conductor 

and coupled by induction t o  t h e  s torage  c i r c u i t  (P. 7.2). 

It is a l so  poss ib le  t o  supply 

When it is  desired t o  lower t h e  i n i t i a l  discharge vol tage ,  it i s  poss ib le  

t o  ion ize  t h e  g a s  on a preliminary bas i s  by using any one of t h e  well-known 

conventional methods. I t  is  a l s o  poss ib le ,  by using several  secondary c i r c u i t s  

coupled t o  t h e  s torage  c i r c u i t ,  t o  c l e a r l y  separa te  t h e  functions: 

- beginning of discharge, requi r ing  a high voltage but l i t t l e  energy; 

- power supply with energy of discharge i n  its t r u e  sense, requi r ing  high 

current.  

Figure 26 provides an example of such a design: 

7 g e 7 n i c  chamber 

,electrodes - - - - - - - - -  - - - - - - -  

gas 

device 
+. toward the  pre ioniza t ion  

f 
superconaucting s torage  c i r c u i t  

Figure 26. 

The secondary winding S is exclusively intended t o  supply t h e  i n i t i a l  2 
voltage required t o  suppijr with power the  gas preionization device. 

on t h e  method used (not  she-m), it is  poss ib le  t o  m a k e  a series arrangement 

with winding S 

Depending 

with an impedance z (which can be a resistance, a capacitance, 
2 
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etc.)  i n  such a manner a s  t o  l i m i t  t he  power delivered by t h i s  c i r c u i t .  

t h e  contrary,  winding S i s  provided i n  order t o  power t h e  discharge by t rans-  

f e r r i n g  t o  i t ,  once the  preionization i s  ca r r i ed  ou t ,  t he  greater pari; of t h e  

i n i t i a l l y  stored energy. In  the  case of Figure 26, it i s  poss ib le  t o  u s e  t h e  

superconducting c o i l  L (P. 7.5.1.7.2) d i r e c t l y  as discharge switch. 

On 

1 

- /130 8.1.1.2. Discharges by induction: 

It is possible t o  i n i t i a t e  and power t h e  discharge i n t o  t h e  gas  ex- 

c lus ive ly  by electromagnetic induction without i t  being n e c e s s d y  t o  use elec- 

trodes. To do t h i s  t h e  gas ,  contained i n  an i s o l a t i n g  chamber, must be handled 

i n  such a manner t h a t  once ionized, i.e. when it becomes a conductor, it forms 

i t s e l f  a conducting c i r c u i t  coupled by induction t o  t h e  s torage  circuit  (P. 7.2). 

The ion iza t ion  of t h e  gas  can be s t a r t e d  d i r e c t l y  by t h e  electrical f i e l d  

which appears during opening of t h e  s torage  c i r c u i t ,  or it can even be caused by 

an independent external means o r  i t s e l f  powered by a supplemental secondary 

c u i t  such as S 

8.1.2. U s e  f o r  research on controlled nuclear fusLo2: 

on Figure 26. 2 

Up u n t i l  now, and p r a c t i c a l l y  everywhere, t he  hnachinesft usdd f o r  

c i r -  

research on controlled nuclear fusion C991 Cl001 ClO11 were powered with energy 

beginning from b a t t e r i e s  of capacitors.  

which w e  s h a l l  review, capac i tors  have formed the  only state-of-the-art  means 

ava i lab le  f o r  mpplying energy t o  experiments carri :ad out  i n  l abora to r i e s  

throughout t he  world during the  s ix teen  years of research which have j u s t  

elapsed s ince  the  inauguration of $he first l a r g e  s c a l e  program ( t h e  Shcrwood 

pro jec t ,  i n  1951 i n  the  U.S.A. ). 

In s p i t e  of t he  ser ious  disadvantages 

On one hand, the  energies which capac i tors  could s t o r e  w e r e  very limited. 

Several megajoules w a s  still  regarded as a l i m i t  f o r  p r a c t i c a l  purposes. 

The space requirement ( i n  p a r t  responsible f o r  s t r a y  impedances i n  t h e  case of 

high-speed discharges )and cos t  of capac i tors  are already considerable j u s t  f o r  

energies amounting t o  several  magajoules and increase propor t iona l ly  to t h e  

stored energy C541. 
l a rge  fac tor .  The storage of much higher energies i n  capac i tors  i n  the absence 

of any considerable progress made i n  t h e i r  technology does not therefore  appear 

f eas ib l e  i n  the  near future.  

L131 

It is hard t o  imagine increas ing  t h e i r  number by any 
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On the  o ther  hand, t he  e f f i c i enc ie s  of t r ans fe r  of energy t o  the  plasma 

were very low. Indeed, t h e  discharges produced w e r e  o s c i l l a t i n g  and only were 

damped i n  a l imited number of periods,  sometimes compelling use of c i r c u i t s  of 

t he  flcrowbarft type i n  order  t o  avoid the  disturbances t h i s  s i t u a t i o n  caused i n  

the  plasma. These o s c i l l a t i o n s  w e r e  caused by the  f a c t  t h a t  t he  ex t r a  c o i l  of 

the  capaci tors  and t h e i r  connections t o  the  plasma w a s  not negl ig ib le  with 

respect  t o  t h e  la rge  capac i t i e s  (measured i n  microfarads) required t o  s t o r e  

the  energy. 

The goal pursued is t o  I1heattf t he  plasma, i.e. t o  cause it t o  absorb a 

degree of ac t i -w  electrical  power. Now, prec ise ly  these  unavoidable o s c i l l a t i o n s  

are cha rac t e r i s t i c  of a poor absorption of energy by the  plasma, i.e. a poor 

e f f ic iency  of t r ans fe r  of s tored energy t o  t h e  plasma. For t h i s  reason, 

research on control led fusion f i n d s  i tself  i n  an impasse i n  t h e  matter of 

supplying l a r g e  quan t i t i e s  of energy t o  t h e  plasma. 

A t  the  present  t i m e  var ious p ro jec t s  are under study t o  replace b a t t e r i e s  

of capaci tors  by electromechanical generators capable of converting i n t o  

electrical energy the  k ine t i c  energy s tored i n  a spinning flywheel [lo21 Cl031. 
These machines can only release energy a t  a ve loc i ty  l imited by the  maximum 

corresponding accelerat ion compatible with t h e i r  mechanical res is tance.  They 

would be used t o  charge c o i l s  whose energy, thus s tored ,  world then be discharged 

more rap id ly  i n t o  the  plasma by means of su i t ab le  switches. The switch repre- 

- /132 

sents, i n  t h i s  case, a c r i t i ca l  point  i n  the  project .  

Fortunately,  w e  have seen (P.  8 )  t h a t  superconductors allow, i n  r e l a t i v e l y  

reduced volumes, t he  d i r e c t  s torage,  then release, of very high energies  (P.  6.71, 

greater by several orders  of magnitude t o  those s tored up u n t i l  now with capa- 

c i to r s .  

l e s s  quickly than the  s tored energy which makes t h e i r  use even more advantageous 

when higher energies a re  t o  be s tored C541. 
on a d i r e c t  bas i s  C551 (discharges such as the  one diagramed on Figure 11 are 

qu i t e  advantageous) as w e l l  as a b e t t e r  e f f ic iency  of t r ans fe r  of energy t o  the  

plasma, s ince the  extra c o i l  of the  connections does not introduce o s c i l l a t i o n s  

(P. 7.3.4 and 7.3.1) and s ince  t h e  order of magnitude of the  s t r a y  capac i t i e s  of 

t h e  connections w a s  too s m a l l .  In  addi t ion,  i n  t h e  domain of cont ro l led  fusion,  

they open the  f i e l d  t o  new experiments which would not have been poss ib le  with 

customary energy scorage devices C 1041 . 
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8.1.3. Power supply of sources of neutrons: 

There are many types of sources of neutrons. We a r e  concerned here with 

those involving fusion r eac t ions  e i t h e r  i n  a plasma o r  by bombardment of a 

t a r g e t  by means of accelerated pa r t i c l e s .  

the  present time, on t h e  one hand, t o  supply by means of very s m a l l  s ized super- 

conducting c i r c u i t s  those sources u n t i l  now supplied by capac i tors ,  on t h e  

o ther  hand, t o  plan on a power supply from more in tense  sources. 

I t  has been found t o  be poss ib le  a t  

8.1.4. Power supply of t t f lash t t  tubes: 

8.1.4.1. Lase r  pumpinq 

It is now poss ib le  t o  power, using superconductors, those t t f lashf l  

tubes used t o  pump lasers. 

This allows: 

- reduction of t h e  space requirement f o r  energy sources powering present 

1 aser s ; 

- planning f o r  much grea te r  power suppl ies  f o r  lasers. 

Such experiments have already been ca r r i ed  out [lo51 successfu l ly  a t  low 

power by using energies successively of 500 jou le s  and 2 ki lo joules .  The cir-  

c u i t s  used correspond respectively: 

- t o  t he  diagram of Figure 25 f o r  tests without pre ioniza t ion  of t he  gas;  

- t o  the  diagram of Figure 27 f o r  tests with a pre ioniza t ion  produced 

beginning from an external c i r c u i t :  

continuous p o t e n t i a l ,  high with respec t  t o  t h e  e lec t rodes  of discharges,  t he  

t r igger ing  electrode of t he  tube (formed by some mesh of a t h i n  metal w i r e  on 

the  outside of t h e  tube);  

a previously charged capacitor C kept a t  a 

- t o  t he  diagram of Figure 28 o r  t o  t h a t  of Figure 26 f o r  the tes ts  with 

preionization oQtained d i r e c t l y  beginning from t h e  s torage  c i r c u i t .  
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C 

Figure 27. 

2 I n  these c i r c u i t s  only t h e  c i r c u i t  formed by winding L and switch K 

can be superconducting. The o the r  windings a r e  made UP by normal conductors. 

Paragraph 9 describes an example of determination of such a power supply. 

The superconductors are w e l l  adapted t o  production of devices i n  new con- 

f igura t ions  f o r  supplying power t o  t t f lash" tubes and pumping lasers C1041. 

8.1.4,2. Power supply of f l a s h  generating tubes f o r  photography: 

Under the  same conditions as above, i t  is poss ib le  t o  consider 

supplying luminous f l a s h  generating tubes with considerable power f o r  use i n  

photography. 

- /13 5 

8.1.4.3. Power supply of x-ray generating tubes: 

Plans can even be m a d e  f o r  supplying x-ray generating tubes by means 

of very high voltage pulses  delivered by superconducting devices. 

8.1.5. Power supply f o r  plasma guns: 

The plasma gun allows e j ec t ion  of i ons  a t  very high ve loc i t i e s .  These 

ions  can be produced d i r e c t l y  by ion iza t ion  of t he  gas supplying t h e  gun. 

a gun can i n  t h i s  case t u r n  out t o  be extremely advantageous f o r  space propulsion. 

Indeed, there  could be produced here v e l o c i t i e s  of matter e j ec t ion  as high as 

poss ib le  so as t o  c o l l e c t ,  beginning from t h e  e jec ted  m a t t e r ,  t h e  m d m m  

quant i ty  of motion which u l t imate ly  allows embarking a t  t h e  beginning t h e  m i n i -  

m u m  mass of m a t t e r  intended f o r  use as a p ro jec t i l e .  

Such 

Up u n t i l  t h e  present time, t he  only source of energy poss ib le  f o r  t h e  

c rea t ion  and propulsion of these  ions w a s  represented by capacitors.  
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less, t h e i r  weight and volume removed from t h i s  type of gun i ts  chief advantage: 

i ts lightness.  From now on, p lans  can be made f o r  rep lac ing  these  capac i tors  

by superconducting sources which are much l i g h t e r ,  much less bulky and more 

powerful. 

problems of pr inc ip l e  s ince  a t  t h e  present  time low-power micrcref r igera tors  

are already i n  use on board satel l i tes  i n  order t o  keep e l ec t ron ic  c i r c u i t s  a t  

very low temperatures. 

The maintenance of low temperatures required does not ra ise  any 

8.2. Discharges i n t o  l iquids:  - /I36 

Power supply f o r  t e s t i n g  d i e l e c t r i c  s t rengths  

The very high vol tage  pulses  t h a t  can be produced by means of superconducting 

devices can be used f o r  study of t he  d i e l e c t r i c  s t rength  of in su la t ing  l iquids.  

8.3 . Discharges i n t o  so l ids :  

8.3 -1. Power stlpply f o r  t e s t i n g  d i e l e c t r i c  strengths:  

T e s t s  of d i e l e c t r i c  s t rengths  of s o l i d s  can be powered under t h e  same 

conditions as  abovz. 

8.3 .L. Explosions of w i r e s :  

Much research is present ly  being ca r r i ed  on concerning explosions of 

The w i r e s  11061 and has a l ready  been responsible f o r  several applications.  

equipments used are exclusively powered by means of capacitors.  

poss ib le  t o  s u b s t i t u t e  superconductors f o r  them. 

I t  is now 

Among the  appl ica t ions  of explosions of w i r e s  w e  s h a l l  mention t h e  following: 

8.3.2.1. Creation of shock waves: 

The explosion of t he  w i r e  i n  an equipment environment creates a shock 

wave which can be used e i t h e r  t o  carry ou t  mechanical deep-drawing (explosion 

i n  w a t e r  o r  i n  o i l )  o r  t o  t r i g g e r  chemical reac t ions  ( w i r e  de tona tors ) ,  etc. 

8.3.2.2. Ign i t i on  of high power arcs: 

Some wind tunnels used f o r  aeronautical  research are powered by d is -  

charge of electrical energy i n t o  a g a s  under pressure. The dura t ions  of d i s -  

charge are on the  order of a f r a c t i o n  of a second. Now, Paschen's law (cf., 

f o r  exam;>le, [381) shows t h a t  i n  order t o  start an electrical discharge i n  a 

gas  under pressure there  is required an i n i t i a l  voltage which rises with 

increase i n  gas  pressure. 

- /137 

- 
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In  order t o  avoid use of too high i n i t i a l  vo l tages ,  t h e  gas  i s  then pre- 

ionized by causing explosion of a conducting w i r e  previously connected between 

the  two discharge electrodes.  

Such a device could very simply operate beginning frdm a superconducting 

power supply (Cor example, according t o  a diagram of the  type shown i n  Figure 2 9 ) .  

In t h i s  case, it could be planned on using considerable energies with respec t  

t o  those ava i lab le  up u n t i l  now. 

cryogenic chamber 

1 wind tunnel chamber 

I 

- - - - - -  .;’ 

; I ( v g  gas  under pressure 

I L - -  _ _  discharge  e lec t rodes  

I conducting w i r e  
:L 
I I 
I I 

I 

I 
I _ _ - - - - -  - - - - -  --l 

Figure 29. 

8.3 -2.3 . Metallizations:  - /138 

Some meta l l iza t ions  are ca r r i ed  ou t  by explosion of a metal w i r e .  The 

required e l e c t r i c a l  energy could be supplied by a superconducting device. 

8.3 - 3 .  Spot welding: 

The e lec t rodes  of some spot welding apparatus are powered by discharge 

from capacitors. I t  i s  poss ib le  t o  p lan ,  using superconductors, on reaching 

spot welding p o w e r s  mxh greater than those produced heretofore. 

8.3.4.  Power supply of cryogenic circuits: 

I n  low-temperature devices where therc i s  a requirement f o r  using elec- 

t r ical  energy, p lans  can be made f o r  rep lac ing  t h e  capac i tors  o r  conventional 

electrochemical b a t t e r i e s  by superconducting devices b u i l t  i n t o  t h e  cold part .  

It i s  poss ib le  i n  t h i s  way t o  avoid introducing e l e c t r i c a l  connections between 

t h e  cold and hot p a r t s  of t he  apparatus. On t h e  o the r  hand, i t  can be eas i e r  

t o  introduce from the  outs ide  t h e  required energy i n t o  t h e  superconducting 

storage device (P. 4). 
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8.4. Power supply of o ther  c i r c u i t s :  

8.4.1 . Superconducting memories: 

W e  s h a l l  not d i scuss  i n  length t h i s  well-known appl ica t ion  of supercon- 

duc tors  which c o n s i s t s  i n  replacing the  magnetic memories of t h e  computers by 

microc i rcu i t s  f o r  s torage  and discharge of energy, used t o  maintain i n  the  normal 

s t a t e  o r  superconducting state those superconducting t r a n s i t i o n  microswitches 

designated under the  general term of c ry t rons  C61. 
f a c t o r  i n  such c i r c u i t s  are extremely s m a l l .  They can, f o r  example, be l e s s  

than 10-l' j ou le s  per  commutation. 

The energies becoming a - /I39 

8.4.2. Power supply of p a r t i c l e  accelerators:  

A t  t h e  present time, i n  order t o  power, f o r  example, t h e  electromagnets 

of t he  proton synchrotrons, it is  required t o  comnutate on a pe r iod ic  b a s i s  

energies on t h e  order of several megajoules with periods on t h e  order  of a 

second. For t h i s ,  use is cu r ren t ly  made of r o t a t i n g  machines which s t o r e  energy 

i n  k i n e t i c  form during the  half-period i n  which the  energy is t o  be taken from 

t h e  electromagnet. However, these  machines have a l imi ted  endurance c l O 7 1 .  

P. E. Smith Cl071, after having considered rep lac ing  such machines by 

supercorducting devices,  found t h a t  f o r  energies on t h e  order of lo00 megajoules 

a superconducting system would be more economically v i ab le  than any o ther  system 

present ly  i n  use o r  planned ( t h i s  f ind ing  c l e a r l y  w i l l  not su rp r i se  us 1541) 

and he suggested a s torage  system poss ib le  f o r  an acce lera tor  designed f o r  300 
GeV whose peak value of acce lera t ing  f i e l d  could put i n t o  p lay  an energy of 

300 megajoules. 

8.4.3. Electrical power supply of rockets: 

Superconducting devices are planned Cl081 [lo91 so as t o  ensure 

power supply of e l e c t r i c a l  c i r c u i t s  of rocke ts  during f l i g h t .  

/140 - 8.4.4. E l e c t r i c a l  power supply of vehicles: 

The advantage of powering vehic les  such as passenger automobiles, begin- 

ning from electrical energy stored i n  superconducting c i r c u i t s  playing t h e  r o l e  

of b a t t e r i e s ,  has been emphasized Cll01. 
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8.4.5. Storage of react ive  energy: 

A t  the present t i m e  research i s  being carried out by a f e w  organizations 

on storage of  react ive  energy i n  the networks of  transportation and dis tr ibut ion 

o f  e l e c t r i c a l  energy. Hcwever, involved here is  a problem which i s  qui te  

d i f ferent  from those which we have examined. 
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9. Examples of Simplified Predeterminations of Storage and Energy Discharge L143 

Systems 

9.1. Power supply of a laser f l a s h  tube: 

The c h a r a c t e r i s t i c s  of t h e  tube t o  be powered, which has been se lec ted  as 

an example, are provided i n  paragraph 9.1.1 and the  determination of t h e  

corresponding superconducting power supply is ca r r i ed  out i n  t h e  paragraphs 

below: 

9.1.1. Charac t e r i s t i c s  of t h e  tube t o  be powered: 

I t  is a matter of powering a type F X 47 f l a s h  tube constructed by E.G. 

and G. (Edgerton, Germeshausen and Grier, U . S . A . )  f o r  pumping l a s e r s  and formed 

by two e lec t rodes  located i n  a Xenon environment under a transparent quar tz  

cover. Diagram and dimensions of t h e  tube are given by Figure 3 0 .  

cathode t r i g g e r  w i r e ,  diameter d i  meter 
O.25m, outs ide  t h e  tube l5m anode (marked) 

1 1 1 I / -  1 ./ e= '\ 
I 4  I 

F X 47 f l a s h  tube 

Figure 30. 

/144 - 9.1.1.1. D a t a  from t h e  designer: 

The performances and operating conditions provided by t h e  designer f o r  

a capacitor powered tube are as follows: 

9.1.1.1.1. Performances: 

M a x i m u m  power supply energy: 

Luminous corresponding energy: 20,000 candles x second 

Duration of f l a s h  (estimated a t  1/3 of t he  height of pulse):  

5000 j ou le s  

2.2 milliseconds 

Standard r e p e t i t i o n  rate: 

Nominal se rv ice  l i f e  of t h e  tube: 7,500 flashes.  

1 f l a s h  every 4 minutes 

9.1 .l .1.2. Operating conditione: 

The tube should be powered (Figure 31) beginning from a capac i ty  of 

2200 JLF, charged with 2.15 kV a t  t h e  maximum (5000 j o u l e s ) ,  in series with 
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a suppressor choke of 0.85 mH and 0.044 n of r e s i s t ance  ( ab le  t o  endure a 

m a x i m u m  peak current of 5000 amperes f o r  a 1 ms pulse)  intended t o  l i m i t  t he  

r?ak curren t  t o  a value without danger f o r  t h e  tube. 

I n i t i a l  voltage between discharge electrodes:  loo0 vol t s .  

Self-priming voltage: greater t h a n  1v kV f o r  a new tube, then dropping t o  

3 kV ( i t  is poss ib le  t o  use t h e  tube d i r e c t l y  i n  t h i s  way by powering it by 

means of tr iggered spark gaps o r  r e l ays ) .  

Standard command voltage of t he  i n t i t a t o r :  25 kV. 

9.1.1.2. Conventional e l e c t r i c a l  c i r c u i t :  - /145 

The conventional e l e c t r i c a l  c i r c u i t  f o r  power supply of t h e  tube i s  

shown by Figure 31: 
suppressor choke 
0 , s ~  8 w a.wn 

ba t t e ry  of capac i tors  -7 ....-.. - b + - 

c 
tri gger  c i r c u i t  

Figure 31. 

I n  the  spec ia l  case considered, t he  weight and space requirement of t h e  

d i f f e r e n t  c i r c u i t  components are t h e  following: 

Battery of capacitors:  

I t  i s  made up by 48 , .pacitors with 40 FF each, t o t a l i n g  a capac i ty  of 

lgZ0 pF, i n s t a l l e d  on a rack. 

volume of one capacitor: 

Total volume of t h e  rack: 

Total weight of t h e  rack: 

Suppressor choke: 

Dimensions (including supports): 

Total  volume: 13 dm3 

1 dm3 
3 250 dm 

100 kg (high voltage s a f e t i e s  not included). 

(high voltage safeties not included). 

/146 - 
23 x 23 x 12  c m  

Weight of co i l :  7.8 kg 
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Triggering c i r c u i t :  

Total volume: a few dm 

Charges: 

The chargers used t o  charge t h e  capac i tors  w i l l  not be examined. 

3 

9.1.1.3. Experimentally recorded data: 

The des igner ' s  da t a ,  supplied i n  order t o  cause the  tube t o  operate 

under well-determined conditions and beginn .g from capac i tors ,  are not s u f f i c i e n t  

t o  allow de f in i t i on  of t h e  power supply under conditions very d i f f e r e n t  from 

those anticipated.  I t  w a s  consequently necessary t o  experimentally record the  

da ta  lacking. 

i ts  ba t t e ry  of capac i tors  and allowed spec i f i ca t ion  of t he  following points: 

- t he  nature of t h e  impedance shown by t h e  tube during discharge can be 

This recording w a s  performed by powering t h e  tube beginning from 

considered as a f i r s t  approximation as c h i e f l y  d i s s i p a t i v e  (P.  7.3.1)t 
- t he  equivalent r e s i s t ance  recorded i s  shown as a function of time, f o r  

charging voltages of t he  2 kV, 1.5 kV and 1 kV capac i tors ,  by the  c w e s  of 

Figure 32. I t  is, f o r  example, on t h e  order of 0.4 n t o  0.8 0. 

0.5 

Likewise, t he  curves 

a charging vol tages  
i A;' - - A .  .- - e <  

. ._ - A. 

I 
0 1 fa6 

I I 
r. 

F i g w e  32. 

depicting t h e  r e s i s t ance  of t h e  tube as a functiorc of 

t he  current  have been plotted.  They show t h a t ,  f o r  a given c-*rent, t he  r e s i s t ance  

of t h e  tube is a function of t h e  previous values of t h e  current.  

order t o  simplify t h e  ca l cu la t ions  which w i l l  follow, i t  is poss ib le  t o  use t h e  

order of magnitude of t h e  i n i t i a l  resistance of the tube when it is energized, 

s ince  the  grea te r  p a r t  of the  energy becomes a f a c t o r  a t  t h e  beginning of d i s -  

charge ( t h i s  only serves as a first approximation s ince  t h e  experiments ca r r i ed  

out  [lo51 by powering such tubes by superconducting devices show t h a t  indeed 

it is the  order of magnitude of t h e  discharge voltage t h a t  could be considered 

as constant. See the  ca lcu la t ion  corresponding t o  (P. 9.3)). Nevertheless, 

Indeed, i n  
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i n  the ca lcu la t ion  which follows, the  tube w i l l  be compared, when it is ener- 

gized, t o  a pure res i s tance  of 0.5 I). 

9.1.2. I n i t i a l  da t a  of the calculat ion:  /148 
By taking i n t o  account the  l imi ta t ions  and r e s u l t s  discussed above, we 

- 

a r e  going, f o r  example, t o  consider t he  operat ional  case defined i n  Table 3. 

The cha rac t e r i s t i c  time constant 7- of the  s torage c i r c u i t  i s  selected 2 
much lower than time constant T of the  discharge i n  order t o  allow a good 

ef f ic iency  of energy t r ans fe r  (P. 7.4.1). 

The rise t h e  t of the current  w a s  not se lec ted  shor te r  i n  order  t o  l i m i t  1 
on a preliminary bas i s  the  power of the  shock wave i n  the  tube. 

Table 3. 

Designation of t he  quant i ty  Symbol and Relation 
given value t o  be used 

wU (00) - 2 0ch3 :su?co : (sjj 
Available energy 

Time constant of discharge 

Time constant character is-  
7; - 4 . tro) 

tl 

t i c  of the  storage c i r c u i t  T2 - 10- 1r : ( k 3 )  - 10 - ' r  ; (44) 
Rise time of the  current  

Resistance of the  tube 
R" - 0.5 Jl. 

9.1.3 . Determination of power supply charac te r i s t ics :  

In  order t o  f a c i l i t a t e  ca lcu la t ions  w e  assume the  impedance of connections 

t o  be negl igible  (P. 7.3.1.1). 

It  follows from (50): 

L = 2 x henry 

It follows from ( 4 3 )  and ( 5 0 ) :  

q 
R = 5 n  (130) 

By solving the  transcendental  equation ( 4 4 )  f o r  K, it follows chat: 

(131) 
3 -1 K = 2.4 x 10 3 . 

By means of (59.10) it is possible  t o  ca l cu la t e  t he  i n i t i a l  energy Wo 

which it is necessary t o  s t o r e  i n  order  f o r  given energy W t o  be t ransferred u 
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between zero and i n f i n i t e  ins tan ts .  Th? ca lcu la t ion  provides successively: 

according t o  (56): 
a = 1.1 

according t o  (59): 
b = 0.2Q8 

according t o  (59 . 1 : 

QI = 1.9811 

,9 = 0.811 

according t o  (59.2) : 

according t o  (59.10) : 

(132)  

(135) 

(136) 

The following is  then t rue :  

W = 2360 jou3es (137) 
0 

whence the current  t o  be trapped, obtained beginning from (1) 

I 0 = 1540 amperes. (138) 

W e  can again successively ca lcu la te :  the  valu? of the  r e s i s t ance  of the  

switch a t  ins%ant t i n  which t h e  current  i s  m a x i m u m ,  according t o  (46):  1 
R Z ( t l )  = 3.05 0 (139) 

the slope a t  the  o r ig in  of function R ( t ) ,  according t o  (41):  2 

the  slope a t  t he  or ig in  of t he  r i s e  f r o n t  of t he  cur ren t  i n t o  R according to 
U' 

(49): 

kmnent 1 

i n  r e a l i t y ,  before the  discharge begins i n  t h e  tube,  only res i s tance  R Z ( t )  

of t he  switch is connected t o  the  srminals of the  s torage c o i l  L. The vol tage 

appearing a t  the  terminals of the  tube is then provided by r e l a t i o n  (29)  i n  

which it is  necessary t o  replace R(t) by the  s ingle  res i s tance  R ( t )  provided 

by equation (41) ,  using the  n m e r i c a l  constai.ts obtained with (130) and (131). 

I t  fclllows i n  t h i s  case tha t :  

2 

- /150 
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The der iva t ive  of t h i s  function with respect t o  t may be expressed: 
(143 

The f ac to r  out of brackets is pos i t ive  and d i f f e ren t  from zero except f o r  

t i n f i n i t e .  The f ac to r  between brackets i s  reduced t o  zero a t  t he  same time 

changing s ign f o r  one value of t and one alone when t increases  Trom zero t o  

in f in i ty .  

through a maximum f o r  t he  value of t which cancels t he  bracket which we have 

j u s t  mentioned, then decreasing. Furthermore, it is useless  t o  reca lcu la te  

t he  value of t correspoading t o  the  maximum of v ( t )  s ince  we have seen (P. 7.3. 
1.1.1) t h a t  t h i s  value of t w a s  independent of t he  constant value of Ru, which 

had been assumed i n f i n i t e  so long as the  tube w a s  not energized. Consequently, 

t he  m a x i m u m  of v ( t )  (equation (142)) takes  place f o r  t he  value t = t 

provided by equation (44). 
I n  r e a l i t y ,  t he  circuit w i l l  have t o  be designed (P. 9.1.4) i n  such a way t h a t  

the  tube is energized before v ( t )  has reached its m a x i m u m .  

f o r  two reasons: 

Consequently, t he  funct ion v ( t )  is f i r s t  of a l l  increasing,  passes 

a l ready 

( I t  can e a s i l y  be confirmed with equation (143).) 
1 

This w i l l  be done 

- i n  order t o  avoid r i sk ing  non-energization of t he  tube; 

- i n  order to t r ans fe r  m a x i m u m  energy i n t o  the  tube during discharge. 

The nmberical  ca lcu la t ion  of t he  maximum value of v ( t ) ,  produced by 

carrying in to  equation (142) the  value of tl given i n  Table 3, provides hs 

follows: 

v ( t , )  = 3340 vol t s .  (144) 
(It  is a lso  confirmed t h a t  t h i s  voltage is l e s s  a t  the  upper terminal than 

would t e  produced by multiplying the  value R (t 1, given by (1391, by the  

current  I assumed constant and equal t o  I . It follows tha t :  I R Z ( t l )  = 

4630 vol ts . )  

- /I52 

2 1  

0 0 

A s  soon as t he  discharge i n t o  the  tube has begun, t he  r e l a t i o r  (142) 

ceases t o  be va l id  and the  r e l a t i o n  (29) should be taken up again a t  the  same 

time causing res i s tance  R t o  become a f a c t o r  as w a s  done i n  the  ca lcu la t ion  

preceding this cotnment. 
U 
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Comnent 2 

The f ac to r  multiplying W i n  expression (136) i s  none other  than the  e f f i -  
0 

ciency (P. 7.4.1.1). 
time of t he  current  had been used (Table 3 ) .  
r i s e  time with respect  t o  T ,  r e l a t i o n  (89)  would give: 

Thio e f f ic iency  could have been higher i f  a shor te r  r i s e  

A t  t he  l i m i t ,  f o r  a peg. i-gible 

u, (ml - 1 - - Oag l  1 + 0.1 
(145) 

In order t o  increase e f f ic iency  still more, i t  would be necessary t o  

reduce T~ ( r e l a t i o n  ( 8 9 ) )  which would compel increasing the  value of R 

( r e l a t i o n  (43 1 1 . q 

9.1.4. Determination of t he  e l e c t r i c a l  circuit: 

Depending on how it is desired t o  car ry  out  charging and discharging 

of energy, as w e l l  as depending on how the  discharge is t o  be t r iggered ,  

var ious so lu t ions  may be found. We a r e  going t o  b r i e f l y  examine them. The 

corresponding c i r c u i t  diagrams are shown on Figures 33 and 45. 

F i r s t  solution: - /153 
In  our spec ia l  example, t he  m a x i m m  avai lab le  voltage of 3340 v o l t s ,  s ince  

it is able  t o  appear a t  the  tube terminals,  and as provided by r e l a t i o n  (1441, 
i s  greater  than the  self-priming vol tage of 3000 v o l t s  of a tube which has 

a l ready operated (P. 9.1.1.1.2). It i s  therefore  possible  t o  d i r e c t l y  p o w e r  

such a tube beginning from a c i r c u i t  diagram of the  type shown i n  Figure 25. 

This i s  the  case of Figure 33. 
d i r e c t l y  connected t o  terminals A and B of t he  superconducting s torage co i l .  

The ca lcu la t ion  1973 shows, furthermore, t h a t  it is always possible  to  produce, 

a t  the  terminals of t he  superconducting circuit, a voltage greater than the  

self-priming voltage of t he  tube,  no matter what it may be, on condition of 

subsequently se l ec t ing  R and K T ~ .  

The discharge e lec t rodes  of t he  tube a r e  

rn 

The c o i l  L can be produced using a superconducting material s t ab i l i zed  

f o r  example by copper o r  aluminum. 

d i r e c t l y  connected t o  the  ends of t he  s t a b i l i z a t i o n  conductor, the  lat ter being 

excluded from switch K2 1873. 

components of the  c i r c u i t  are those calculated i n  P. 9.1.3. 

The connections of t he  tube w i l l  then be 

The nunerical  values  t o  be given t o  the  chief 
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The charging of energy i n t o  c o i l  L w i l l  be ca r r i ed  out by an c:!tsi.de 

generator capable of supplying t h e  1540 amperes required ( r e l a t i o n  (138)). 

I n  order t o  ca r ry  out  t h i s  charging, it w i l l  be poss ib le  t o  temporarily use 

t h e  tube connections without having t o  m a k e  a disconnection, s ince  t h e  voltages 

involved ( P .  3 )  are too low t o  energize it. It w i l l  be necessary, on t h e  

o the r  hand, f o r  t hese  connections t o  be supplied so as to be ab le  t o  c a r r y  

t h e  necessary cur ren t  during t h e  whole charging period (P. 4.1). 
. _  
- I  

t i  

a b  
I I  

F i n r e  35 Ficure $ 

The superconducting p a r t s  are shown by 
heavy l ines .  



a b  

?:gdrt 43 

a b  

The superconducting parts are shown 
by heavy lines. 

42 



L /156 

- The superconducting parts are shown 
by heavy l i n e s .  

- Tr designates transformer. 

cryogenic chamber 

- 
r i  6 f la sh  tube 

chamber 

f l a s h  tube 
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Second solution: - / 1 5 7  

Depending on conditions of use,  t h e  connections required by so lu t ion  1 

can introduce i n t o  t h e  c ryos t a t  considerable e n e r s j  losses.  

t he  1540 amperes required w i l l  be produced in s ide  of t h e  superconducting 

c i r c u i t  by means of an energy transformer such as shown by symbol E on Figure 

34. This energy transformer w i l l  be, f o r  example: 

I n  t h i s  case ,  

- a superconducting dynamo (P. 4.2); 

- a flux pump (P. 4.3). Figure 43 shows t h e  c i r c u i t  powered by a s t a t i c  

f l u x  pump with three inductors  beginning from t h e  lead-ins of cur ren t  a ,  b, c; 

- o r ,  i f  t h e  degradation of energy [701 is t o  be avoided, a s ta t ic  trans- 

former (P. 4 . 4 )  operating i n  well-determined conditions. Figure 44 shows t h e  

c i r c u i t  powered by such a transformer beginning from current lead-ins a and b 

C701 C70a3 E721 and Figure 45 shows t h e  c i r c u i t  powered by a symmetrical 

transformer beginning from cur ren t  lead-ins a and b C701 C70aI. 

For operating d e t a i l s ,  see paragraphs and re ferences  provided. 

The dynamo w i l l  be mechanically actuated from ou t s ide  t h e  c ryos t a t  by 

means of a transmission shaft which w i l l  decrease i n  size as power t o  be 

s ~ p l i e d  becomes less (longer charging period) and as r o t a t i o n  speed increases. 

*ne flux pump o r  transformer can be powered by means of very low cu r ren t s  with 

voltages r i s i n g  as power t o  be supplied increases. It is poss ib la  t o  have 

s o m e  i dea  of t h e  mean power which w i l l  have t o  be introduced i n t o  t h e  c ryos t a t  

by giving consideration t o  t h e  energy t o  be introduced, f o r  example: 

( r e l a t i o n  (137) 

charging (P. 4-41, and t h e  m a x i m u m  r e p e t i t i o n  rate: 

minutes (P. 9.1 . 1.1 . 1 , which gives: 

/158 - 
2360 Joules  

i n  t h e  case where t h e r e  is no degradation of energy during 

one f l a s h  every four  

2360 < 10 w a t t s .  
4 x 60 seconds 

a 10 

with 

This power can be introduced i n t o  t h e  cryostat, f o r  example, by means of 

amperes current with 1 v o l t ,  o r  even using a cu r ren t  of 44 mil l iamperes  

227 volts...which presents  no problem. 

The connections of t h e  f l a s h  tube are only t r ave l l ed  by t h e  cur ren t  during 
-3 period of discharge ( t i m e  constant 4 x 10 s q  Table 3). The Joule effect is, 
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therefore ,  very l imited i n  t i m e  and they do not have t o  be as strong as they 

would i f  they had t o  sus t a in  the  cur ren t  during t h e  whole charging period. A t  

any r a t e ,  it w i l l  be advantageous t o  "optimize" them a s  a function of t h e  

temperature i n  t h e i r  passing through t h e  c ryos t a t ,  s ince  t h e  electrical  resis- 

tance of t h e  conducting materials can become very low a t  very  low temperatures 

C13. For example, a t  4" K t h e  electrical r e s i s t ance  of pure copper can become 

300 times lower than a t  ambient temperature and t h a t  of very pure aluminum 

2OOO t i m e s  lower. This allows reducing, by a f a c t o r  on t h e  same order ,  t he  

corresponding sec t ion  of the  connections. 

Third group of solutions:  

The superconducting c i r cu i t  of energy s torage  can be made ma te r i a l ly  

independent of t h e  power supply c i r c u i t  of t h e  tube. 

between these  two c i r c u i t s  is then ca r r i ed  ou t  by induction. 

diagrammed by Figures 35 t o  37. 

The electrical coupling 

This is t h e  case 

Since t h e  c i r c u i t  S of power supply of t h e  tube i s  only t rave led  by t h e  

cur ren t  during period of discharge,  it is formed by a normal conductor. Its 

electrical r e s i s t a n c e  should be s u f f i c i e n t l y  low with respec t  t o  t h e  equivalent 

r e s i s t ance  of t h e  energized tube (here  0.5 n) i n  order not t o  reduce the  

e f f i c i ency  (P. 7.4.1). 

poss ib le  t o  p r o f i t  under these  conditions from t h e  low r e s i s t i v i t y  of conducting 

materials c13 and when a material which i s  only s l i g h t l y  magnetoresistant is 

se lec ted ,  t h i s  allows only a very small t o t a l  quant i ty  of it t o  be used. 

L159 

By keeping t h i s  c i r c u i t  a t  low temperature, it is 

The system of coupled L and S c i r c u i t s  does not include a magnetic c i rcui t ,  

s ince  a l l  t h e  magnetic c i r c u i t s  p resent ly  known are sa tura ted  with inductions 

a1 lowing superconductors . 
Figure 35 shows t h e  cur ren t  introduced i n t o  t h e  superconducting s torage  

c i r c u i t  by d i r e c t  connections. 

Figure 36 shows use of an energy transforming device designated by E w e d  

t o  charge t h e  superconducting c i r c u i t .  This allows s torage  of energy under 

a current which can be se lec ted  independent of t h e  charging cur ren t  and t h e  

cur ren t  used f o r  p o w e r  supply of t h e  tube. 
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I n  Figure 37, t he  switch K has been l e f t  out. I n  r e a l i t y ,  it i s  t h e  2 
energy storage c o i l  which is used as switch (P. 7.5.1.3.2). 

Fourth group of solutions:  

When it is desired f o r  t h e  f l a s h  tube t o  be energized from the  beginning 

of discharge from the  superconducting c i r c u i t ,  t he re  is t h e  m e a n s  of powering 

i t s  t r igge r ing  e lec t rode  using a secondary S c i r c u i t  coupled by induction t o  

t h e  superconducting c i r c u i t .  The charge of t h e  s torage  cur ren t  can be ca r r i ed  

ou t  e i t h e r  d i r e c t l y  by tube connections (and t h i s  is t h e  case of Figure 38) o r  

through t h e  intermediary of an energy transforming device designated by E on 

Figure 39, of t h e  type,  f o r  example, of those shown i n  d e t a i l  on Figures 43 t o  

45 

L160 

JL I- 

The secondary c i r c u i t  S may be very simply determined: e----' '.- * -  

L e t  us  assume t h a t  w e  should l i k e  t o  see t h e  tube energized as soon as 

t h e  voltage a t  i ts  terminals reaches 1.5 kV and t h a t  i n  order  t o  accomplish 

t h i s ,  it w a s  only needed t o  apply a t  t h i s  i n s t an t  a voltage of 25 kV t o  the  

t r i gge r ing  electrode. 

Before t h e  discharge i n t o  t h e  tube has begun, t h e  system of L and s c i r c u i t s  

(Figure 38 o r  39)  behaves l i k e  a vacuum autotransformer. If it is des i red  t o  

produce 25 kV a t  t h e  terminals of S when the re  are 1.5 kV a t  the  terminals of 

L ,  it is enough t o  produce a transformation r a t i o  equal to: 

(145) # l 7  
vacua voltage a t  terminals of S - 5 = 25kV 
vacuum voltage a t  terminals of L eL 1.5, - 

As soon as t h e  voltage a t  t h e  terminals of superconducting c o i l  L has 

reached 1.5 k V ,  t he re  w i l l  then be 25 kV at  t h e  terminals of S and t h e  d is -  

charge w i l l  begin i n t o  t h e  tube. This discharge w i l l  be powered by t h e  energy 

s tored  i n  L. r e s i s t ance  i n  t h e  tube i s  p r a c t i c a l l y  

constant,  t h e  t i m e  constant of t h e  discharge w i l l  have t h e  value: T = - . 
The S c i r c u i t  which w i l l  have played i ts  r o l e  i n  t r i gge r ing  t h e  discharge i n t o  

t h e  tube w i l l  no longer p a r t i c i p a t e  i n  the  lat ter s ince  it is connected t o  

an electrode ou t s ide  t h e  tube. Furthermore, it w i l l  include, as a s a f e t y  

measure, i n  order to limit t h e  m a x i m u m  current poss ib le ,  an inpedance of 

pro tec t ion  z .  A s  has  been Been (P. 8.1.4.1), t h i s  impedance w i l l  be made up 

more p a r t i c u l a r l y  e i t h e r  by a capacity C, only allowing one pulse t o  pass a t  

When the  equivalent R 
L U 

Ru 
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the  beginning of discharge from the  superconducting c i r c u i t ,  o r  by a res i s tance  

r. In  t h i s  last case,  an elementary ca l cu la t ion  shows t h a t  i n  order  f o r  t he  

m a x i m u m  energy transmitted by c i r c u i t  S ,  i n  case of sho r t  c i r c u i t ,  t o  be 

negl ig ib le  with respec t  t o  t h e  s tored  energy, i t  is  enough tha t :  

- /I61 

(146) 
L 4< 7 
U 

i n  which S designates t h e  coe f f i c i en t  of s e l f  induction of t he  winding designated 

by the  same symbol. 

I n  t h e  case j u s t  considered, t he  t r i gge r ing  of t h e  tube is therefore  

2' controller! by t h e  t r i gge r ing  of switch K 

F i f t h  woup of solutions:  
*P" 

-'I * r TKe superconducting energy s torage  c i r c u i t  can be made ma te r i a l ly  inde- 

pendent from t h e  t r i gge r ing  and power supply c i r c u i t s  of t h e  tube. 

t r ical  coupling between these  c i r c u i t s  is then ca r r i ed  out  by induction. 

is the  case diagrannned by Figures 40 t o  42. 

The elec- 

This 

C i rcu i t  S is t h e  analog of circuit S of Figures 35 to 37 and c i r c u i t  S, 
Y 

is t h e  analog of c i r c u i t  S of Figures 38 and 39. 

Figure 40 shows t h e  current introduced i n t o  t h e  superconducting s torage  

c i r c u i t  by var ious  connections. 

Figure 41 shows t he  current introduced by t h e  intermediary of an energy 

transformer designated by E. 

I n  Figure 42 t h e  switch K2 has been l e f t  out. Indeed, it is t h e  energy 

s torage  c o i l  which is  used as switch (P. 7.5.1.3.2). 

Jus t  as i n  t h e  preceding so lu t ions ,  t h e  determination of c i r c u i t s  S and /162 
1 

S causes no d i f f i c u l t y .  2 

9.1.5. Practical design: 

Many p o s s i b i l i t i e s  are ava i l ab le  depending on: 

- t he  electrical circuit selected; 

- t he  superconducting material used; 

- t he  geometrical form of t h e  c i r c u i t  used ( cy l ind r i ca l ,  toric...); 

- t h e  "optimization" des i red  (P. 6.6): minimum weight, mininun space 

requirement, mi nimun cos t  price.. . . 
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We are  going t o  consider some of t h e  p o s s i b i l i t i e s  as a func t ion  of t he  

I n  each case, the  c i r c u i t  w i l l  have to s a t i s f y  e l e c t r i c a l  c i rcu i t  selected.  

t he  conditions described i n  P. 7.6. 

9.1.5.1. Discharges using d i r e c t  connections: 

9 s1s~s1s1s  Charging is ca r r i ed  out  by d i r e c t  connoctions: 

This i s  the  case with Figure 33 (P. 9.1.4, first so lu t ion )  when the  

energization i s  ensured by t h e  discharge c i rcui t ,  o r  with Figure 38 (P. 9.1.4, 
four th  so lu t ion)  when it is  ensured by a d i s t i n c t  c i r c u i t .  

The superconducting c i r c u i t  should s t o r e  energy d i r e c t l y  under t h e  cur ren t  

required f o r  t he  tube,  i . e .  here  l 5 k  amperes, according t o  P. 7.6. Its s t a b i l i -  

za t ion  w i l l  r esu ' t  from t h e  use of a material i t s e l f  s t a b i l i z e d  (P. 6 . 3 ) .  

I n  order t o  m a k e  t h e  ideas  more s p e c i f i c ,  w e  are going t o  provide t h e  

r e s u l t s  concerning one example, from an i n f i n i t e  population poss ib le  C973, 
determined beginning from cr i t ical  c h a r a c t e r i s t i c s  (c r i t i ca l  cur ren t  a8 a 

functiov of t he  c r i t i c a l  induction a t  constant temperature 4.3"K) of d i f f e ren t  

materials present ly  on t h e  s h e l f ,  by using t h e  method of determining t h e  storage 

c o i l  proposed by Hassel [843. 

- /I63 

Storage winding: 

Cylindrical  winding (Figure 4 6 )  forming a c o i l  with 2 x henry 

( r e l a t i o n  ( 129) 

- mean radius: r = l O c m  

- height: h = 1 0 c m  

- t o t a l  thickness (including in su la to r s ) :  - material used: s t a b i l i z e d  cable reference 

e = 2.5 c m  

C S 3670 l1111, insu la ted ,  whose c h a r a c t e r i s t i c s  and makeup of t h e  s t r a i g h t  

sec t ion  have beer p lo t t ed  on Figure 47. 
- Number of t u r n s  of t h e  cable: 

- induction a t  the  cen te r  of winding: 

- m a x i m u m  induction on t h e  wire: 

Connections of t h e  f l a s h  tube: 

L e t  LS assume t h a t  t h e  l ink of t h e  f1a;h tube t o  t h e  energy s torage  device 

\ = 105 turns  ( i n  5 layers of 21 tu rns )  

Bo = C.97 Tesla 

Bm # 1 t e s l a  (cf. Figure 4 6 ) .  

r eqv i r e s  a cable 5 meters i n  length.. If it i s  des i red  t o  avoid an appreciable 
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3 energy lo s s  i n  t h i s  cable ,  i t  w i l l  be necessary f o r  i t s  t o t a r  r e s i s t ance  R 

t o  be much lower than t h a t  of t he  tube once energized (P .  7.4.:..L). Take, 

f o r  example: 

(147) R < %  
3 loo 

from which it follows tha t :  

R c 0.005 r! . 3 

/166 - 
(148) 

Since the  t o t a l  length of the  conductors forming the  cable is equal t o  

2 x 5 meters, t h i s  leads t o  a m i n i m u m  sec t ion  s,  f o r  each of the  two conductors 

of t he  cable ,  equal to:  

(149) 2 ~ = 3 6 m .  
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Figure 47. Charac ter i s t ics  of Cable C S 8670 (Atomics Interr lar ional)  

Characteristic of t he  superconducting core alone: curve (C1L (cf.  p. 1 )  

- above curve ( C  the  material i s  i n  the  normal state; 

- below curve (C ) and very c lose  t o  the  curve only a Itshort specimen" is 
1 

1 
superconducting. Owing to degradation, a winding is only adequately conducting 

below ( C l ) .  

Charac te r i s t ic  of t he  s t a b i l i z a t i o n  copper alone: curve ( C  ) ( f o r  a d i s s ipa t ion  

of 0.h watt per an2 of outside surfece) :  
* 

- above curve (C 1, there is heating; 

- below curve (C ), there  is an equilibrium temperature; 

Characteristic of t he  system: 

2 

2 

- above (Cl), there is '10 operation possible;  

- below ( C  ) and (C,) there  i s  ne i the r  i n s t a b i l i t y  nor t r a n s i t i o n  ( t h e  1 
cur ren t ,  which does not produce lo s ses  when it passes  i n t o  the  superconductor, 

can be forwarded by the  copper when t h e  superconductor t r a n s i t s ) .  

- between both curves, i n  the  shaded zone, the  core is not superconducting 

on a stable basis; 

- between both curves, i n  the unshaded zone, t he re  is a capab i l i t y  f o r  

operation (however, t he  material only r e tu rns  t o  t h e  superconducting a t a t e  i n  

case of accidental  t r a n s i t i o n  when t h e  current  is momentarily lowered below 

curve (C2)). 

(both insofar  as concerns the  superconducting core as w e l l  as the copper aseoci- 

a ted w i t h  i t )  since, i n  t h i s  case,  a winding behaves l ike the  t t shor t  specimen.tt 

The case of P. 9.1.5.1., f o r  example, is depicted by poin t  N: t he re  is a poor use 

I t  is i n  t h e  v i c i n i t y  of M, above both curved, t h a t  the  cable is best used 
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of ?he superconducting core whose sec t ion  could be reduced (dot ted  curve i n  

the  Figure). 

Switch: 

- material used: Nb, T i  a l l oy ,  reference T 48 C1123, with w i r e  0.254 mm 

i n  diameter, unsheathed copper. 

- nmber of w i r e s  i n  pa ra l l e l :  s ince  t h e  t o t a l  cur ren t  t o  pass is 1540 
amperes, it is  appropriate t o  use 32 w i r e s  i n  p a r a l l e l  when it is not desired 

t o  exceed a cur ren t  of 50 amperes per w i r e  (such a w i r e  carries from more than 

about a hundred amperes t o  several kilogauss). 

each o ther ,  w i l l  be joined t o  form a cable. 

These w i r e s ,  not insu la ted  from 

- length of cable: i n  order t o  produce a resistance i n  t h e  normal s ta te  

Rm = 5 Cl ( r e l a t i o n s  (41) and (130)),  t h e r e  are required 13.5 meters of cable, 

the r e s i s t i v i t y  of t he  material  being on t h e  order of 60 pn x cm. This cable  

w i l l  be arranged so as t o  have a negl ig ib le  c3e f f i c i en t  of self induction L 

with respect t o  L ,  f o r  example: 
2 

L 
L2 100 (150) 

i.e. 

L < 2 x l f 5  henry 2 (151) 

- t r i gge r ing  of t he  switch: 

thermomagnetic process (P. 7.5.1.2). 

w i l l  be produced ( r e l a t i o n  (131)) by ac t ing  on t h e  preheating tetcperature of 

t h e  switch and on the  rise r a t a  and amplitude of t he  magnetic t r i gge r ing  pulse. 

t h i s  t r i gge r ing  w i l l  be ca r r i ed  out  by a 

I n  equation (41)  t h e  value of k desired 

L167 

Triggering c i r c u i t  of t h e  tube: 

This c i r c u i t ,  only ex i s t ing  i n  t h e  case of Figure 38, w i l l  include n turns 
S 

determined by the  r e l a t i o n  (va l id  f o r  a vacuum transformer): 

2'- - L E  -knb  K. being t h e  coupling coe f f i c i en t  (152) 
*I 9. 

which clives R = 25uO t u r n s  f o r  e = 25 kV, eL = 2.5 kV, NL = lo5 tu rns  and K = 0.7. 
S S 

These tu rns  wiU be formed from a very f i n e  copper w i r e  ( f o r  example, with 

i 

t h e  order of 80 n). 
maxirnm two layers  on the  winding at t he  same t i m e  t ak ing  t h e  w i r e  i n su la t ion  

1.C5 m diameter giving a t  t h e  temperature of l i qu id  helirnn a r e s i s t ance  on 

This represents  a very low quant i ty  0; copper (at t h e  



i n t o  account). 

coupling of t h i s  winding which should only put i n t o  play a neg l ig ib l e  energy 

and, i f  neca~,aary, it is pcss ib l e  t o  e a s i l y  increase t h e  value of n i n  r e l a t i o n  

(152). 

It is 4 .t necessary to  prod:rce with t h e  storage c i r c u i t  a good 

S 
On t h e  o ther  hand, a good insu la t ion  should be provided this winding. 

The winding w i l l  be protected by a pure r e s i s t ance  r i n  series having a 

value,  f o r  example, according t o  r e l a t i o n  (146) as follows: 

(153) r - 100 -& a,, - 100 0.5 - 28 c o c n  
(105l2 

When t h e  voltage of 25 kV is reached, t h i s  r e s i s t ance  w i l l  t he re fo re  l i m i t  L168 

t h e  m a x i m u m  cur ren t  supplied a t  a value on t h e  order  of an ampere. 

When t h e  energy thus  ava i l ab le  proves t o  be too low t o  energize discharge, 

t h i s  value of r would be reduced. 

9.1.5.1.2. Charging is ca r r i ed  out  by an energy converter: 

This i s  the  case with Figures 34 and 43 t o  45 (P, 9.1.4, second 

so lu t ion)  when energization is ensured by the  discharge c i r c u i t  o r  with Figure 

39 (P .  9.1.4, fou r th  so lu t ion )  when it is ensured by a d i s t i n c t  c i r c u i t .  

As i n  t h e  preceding paragraph, t h e  superconducting c i r c u i t  is to  s t o r e  t h e  

energy d i r e c t l y  under t h e  cur ren t  of 1540 amperes necessary f o r  t h e  tU'Jt3. 

c i r c u i t s  are t h e  same, the  only d i f fe rence  being i n  t h e  fact t h a t  it is poss ib le  

t o  charge energy beginning from a cur ren t  with d i f f e r e n t  value. 

The 

9.1.5.2. Discharge using a coupled c i r c u i t :  

9.1.5.2.1. Charging i s  ca r r i ed  out  by d i r e c t  connections: 

This i s  the  case with Figure 35 !Po 9.1.4, t h i r d  group of so lu t ions )  

when energization of t h e  tub2 i s  ensured by the  discharge c i r c u i t  o r  with 

Figure 40 (P.  9.1.4, f i f t h  group of so lu t ions)  when it is ensured by a d i s t i n c t  

c i r c u i t  . 
Storage winding: 

The superconducti.ig c i r c u i t  s t o r e s  i n  t h i s  case t h e  energy under a 

necessar i ly  r e l a t i v e l y  low cur ren t  compatible with t h e  c a p a b i l i t i e s  f o r  cur ren t  

lead-ins. 

t i o n  of t he  winding necessary becoaes higher as t h e  s torage  cur ren t  drops. 

According t o  t h e  second r e l a t i o n  (201, t h e  coe f f i c i en t  of s e l f  induc-Ll69 
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Nevertheless, t h e  t o t a l  quant i ty  of material used remains p r a c t i c a l l y  independent 

froili cne value of t h i s  cur ren t  (p.  6.2). The winding has ,  therefore ,  p r a c t i c a l l y  

t h e  same dimensions as i n  P. 9.1.5.1.1 with almost t h e  same space requirement 

f o r  t h e  secondary windings ( c f .  below). 

Ry designating the  new value of t h e  

number of tu rns  ni, r e s u l t s  d i r e c t l y  from 

storage cur ren t  by 1' 

r e l a t i o n  ( 21 ) : 

t h e  required 
0 ,  

(154) 

The n;.cterial used w i l l  be se lec ted  as a function of t h e  cur ren t  1' 
0' 

induction Bo a t  t h e  center  of t h e  winding and t h e  m a x i m u m  induction B 

w i r e  being the  same as i n  P. 9.1.5.1.1 according t o  P. 6.2. 

on t h e  m 

Secondary winding S :  

This winding should t r anspor t  t n e  cur ren t  J = 1540 amperes required fox 
0 

t h e  tube during discharge. 

number of t u rns  n equal t o  t h a t  of t h e  s torage  winding of P. 9.1.5.1.1, i.e.: 

I t  still r e s u l t s  frgm (21) t h a t  it should include a 

S -  

n = 105 turns. (155) s 

'The mater ia l  used w i l l  be a normal conductor with low r e s i s t i v i t y ,  

a manner t h a t  t h e  r e s i s t ance  R' of t h e  winding w i l l  be low with respec t  

of t h e  energized tube (p. 7.4.1.1). 
3 

i n  such 

t o  t h a t  

If it i s  des i red ,  f o r  example, t o  produce the  condition 

R' < 0.005 n (156) 3 
analogous t o  r e l a t i o n  (1481, s ince  t h e  t o t a l  length of t h e  conductor forming 

the  winding i s  equal t o  66 meters, t h i s  leads ,  i n  t h e  case of 2 r e s i s t i v i t y  of 

3 x 3 x cm, t o  a m i n i m u m  sec+,ion of t h e  conductor equal to: 
2 

s = 0.4 w (157) 

This represents  a very small quant i ty  of aluminum (a t  the  m a x i m u m  one 

complete layer  taking i n t o  account t h e  in su la t ion  of t h e  wire). 

s ince  t h i s  winding is intended ta  transport a l l  t h e  s tored  energy, i t  w i l l  be 

advantageous t o  couple it t o  t h e  m a x i m u m  t o  t h e  s torage  c i r c u i t  by interweaving 

i ts  tu rns  with those of t h i s  c i r c u i t .  I n  t h i s  case, care w i l l  have t o  be taken 

with t h e  insulations.  

I n  r e a l i t y ,  
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Conditions of t h e  f l a s h  tube: 

Produced i n  t h e  same way as i.1 P. 9.1.5.1.1. they are connected t o  the  

terminal- r>f secondary winding S. 

Switch: 

When it i s  produced, f o r  example, with t h e  same material as i n  P. 9.1.5.1.1 
used under t h e  same conditions (50 amperes per wi re) ,  t he  number n of w i r e s  t o  

be placed i n  p a r a l l e l  i s  equal to: 

- 

Id 
50 

n = -  (158) 

I n  order t o  preserve c h a r a c t e r i s t i c  t i m e  constant T (Tab le  31, t h e  cable 

length t o  be used i s  t h a t  allowing achievement of a r e s i s t ance  i n  normal s ta te  

R' confirming t h e  r e l a t ion :  
L '  

/171 2 - 

m 

This r e l a t i o n  (p. 7.5.1.3.3) u l t imatn ly  leads  t o  using t h e  same quant i ty  

of superconductor as with P. 9.1.5.1.1. The t r igge r ing  of t h e  switch w i l l  be 

carried out i n  t h e  same way. 

Triggering c i r c u i t  of t h e  tube: 

This c i r c u i t ,  only ex i s t ing  i n  t h e  case of Figure 40 (winding S2), should 

have exac t ly  t h e  same number of t u r n s  as with P. 9.1.5.1.1. 

Since winding S w a s  madt- of aluminum, it can be preferab le  t o  do l ikewise 

2 

1 
f o r  S with t h e  goal of reduci J r i s k s  of corrosion i n  case of condensation of 

w a t e r  vapor during rises and f a l l s  of temperature. 

9.1.5.2.2. Charging is ca r r i ed  out  by an energy converter: 

This is the  case of Figure 36 (P. 9.1.5, t h i r d  group of so lu t ions )  

when t h e  energization of t h e  tube is ensured by the  discharge c i r c u i t ,  o r  t h e  

case of Figure 41 (P.  9.1.4, f i f t h  group of so lu t ions )  when it is energized by 

a d i s t i n c t  c i r c u i t .  

C i r c u i t s  S ,  S1, S are i d e n t i c a l  t o  those of P. 9.1.5.2.1. The s torage  
2 

c i r c u i t  can have m y  coe f f i c i en t  of self induction whatever which i s  compatible ~ 1 7 2  

with t h e  charging device used. 

with a very low self induction c o e f f i c i e n t ,  s t o r i n g  energy under very high 

This case allows production of s torage  c i r c u i t s  
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currents. These storage c i r c u i t s  can be formed by j u s t  a few superconducting 

tu rns  o r  even a s ing le  tu rn  C74al. 
c i r c u i t s  having an exce l len t  s t a b i l i t y  (P. 6.3). 

In  t h i s  way, i t  is  poss ib le  t o  produce 

9.1.5.2.3, The superconducting switch is mixed: 

This is t h e  case with Figure 37 (P. 9.1.4, t h i r d  group of so lu t ions )  

when energization of t h e  tube is ensured by the  discharge c i r c u i t ,  or t h e  case 

of Figure 42 (P.  9.1.4, f i f t h  group of so lu t ions)  when it i s  ensured by a d i s t i n c t  

c i r r u i  t . 
C i r c u i t s  S ,  S S are i d e n t i c a l  t o  those of t h e  preceeding paragraph. 

The Ecorage c i r c u i t  can include any number of t u r n s  whatever, but it w i l l  

1' 2 

t u r n  out  t o  be e spec ia l ly  advantageous f o r  its s t a b i l i t y  when it is  formed by 

severa l  t u rns  o r  even by a s i n g l e  t u r n  (P. 6.3). W e  are therefore  going t o  

consider t he  case 

By using the  

those used by the  

e = 1.6 mm i n  t h e  

of a s ing le  turn. 

2 
same material and t h e  same current dens i ty  (lo5 .4/cm ) a s  

switch i n  P. 9.1.5.1.1, ca l cu la t ion  gives a th ickness  of 

case of a c i r c u i t  formed by a s i n g l e  t u r n  with mean r ad ius  

r = 10 c:i and height h = 10 cm (Figure 46). 

The self induction coe f f i c i en t  of t h i s  c i r c u i t  i s  then: 

L" = 2 f henry 

and the  cur ren t  t o  be trapped: 

1" = 154,000 amperes 

The r e s i s t ance  of t h i s  t u r n  i n  the  normal state is: 

0 

L173 

(160) 

(161) 

There would therefore  be produced, when the  whole tu rn  w a s  t r a n s i t e d ,  a 

c h a r a c t e r i s t i c  t i m e  constant T having as value: 

7 - - -  2n - R; 
2n 

L" - 0.89 x 10-4, (163 1 

This t i m e  constant is too  low when it i s  desired t o  preserve t h e  va lue  r, 

given a t  t h e  

an ly  causing 

to:  

& 

beginning i n  Table 3. 
transit of a f r a c t i o n  of t h e  t o t a l  c i r cmfe rence  of t h e  t u r n  equal 

The t i m e  constant T w i l l  be obtained by 2 

1 Ob 



This dep ic t s  a l i t t l e  less than a quar te r  of t h e  t o t a i  circumference of 

t h e  turn. 

I f  t h e  value of c h a r a c t e r i s t i c  t i m e  constant f2  (Table 3 )  had not been pre- 

sci'ibed, t h e  fact of causing t r a n s i t  o f  t h e  whole energy s torage  t u r n  would 

improve t h e  e f f i c i ency  without increasing the  superconducting quan t i ty  becoming 

a f ac to r  i n  t h e  c i r c u i t .  More p a r t i c u l a r l y ,  f o r  a t i m e  t o f  curren t  rise, 

negl ig ib le  with respec t  t o  r, r e l a t i o n  (89) would give a l i m i t  e f f i c i ency  of 

0.98 ins t ead  of 0.91 ( r e l a t i o n  (145)). 

- /174 

1 

9.1.5.3. Cryogenic device: 

I n  consideration of t h e  small size of t h e  c i r c u i t  (P. 9.1.5.1.1) a con- 

ventional c ryos t a t  (P.  2) can be used. 

9.1.6. Stored energy dens i t ies :  

We are going t o  ca l cu la t e  respec t ive ly ,  i n  t h e  case of P. 9.1.5.2.3, 

t h e  mean energy dens i ty  s tored  i n  t h e  d i e l e c t r i c  i n s i d e  the  winding as w e l l  as 

t h e  energy dens i ty  stored pe r  u n i t  of volume of superconducting material  

(Figure 46). 

I n  t h e  dielectric the re  is produced 1541 f o r  a mean induction of 1 tes la  

(P.  9.1.5.1.1): 

w = 0.4 k j / l i t e r  (165) d 

Per u n i t  of volume of superconducting material used, t he re  i s  produced 

an energy density: 

- 2fkJ / l i t e r  (166) wo 
w -  

2 r r e  h 

Although much higher than energy d e n s i t i e s  produced with capac i tors  c541, 
these va lues  are qu i t e  small with respec t  t o  those which can be produced with 

superconducto ' s .  

dens i ty  (P. 6.4) which have been used a s  w e l l  as  the low value of t o t a l  s tored  

energy C543. 

This r e s u l i x  from the  low values of t h e  induction and cu r ren t  L175 

I t  can be observed t h a t ,  as opposed t o  capac i tors ,  no c i r c u i t  here is 

under voltage outs ide  of t h e  period of t i m e  during which discharge takes 

place. 
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9.2. Power supply of a high power arc: 

The c h a r a c t e r i s t i c s  of the  a rc  t o  be powered (P. 8.3.2.2) which has  been 

L176 

se lec ted  as an example, arc given i n  paragraph 9.2.1 and the  determination of 

t h e  superconducting power supply has been ca r r i ed  out i n  t h e  following para- 

graphs. 

9.2.1. Cha rac t e r i s t i c s  of t h e  arc supplied: 

This concerns powering atz arc, energized by explosion of a w i r e  as 

shown i n  Figure 29. The c h a r a c t e r i s t i c s  of t h i s  arc are a s  follows: 

20 megajoules - energy i n  the  arc: 

- resistance of t h e  arc:  t h e  arc is e s s e n t i a l l y  dissipative and t h e  

order of magnitude of its re s i s t ance  remains percept ib ly  constant during d i s -  

charge and on t h e  order o f  0.03 fl i n  t he  case of a cur ren t  on t h e  order of 

about a hundred thousand amperes. 

tude of t h e  arc voltage which s t ays  p r a c t i c a l l y  constant when the  cur ren t  

varies.  Sf. t he  end of P. 9.1.1.3 and P .  9.3.) 

(Indeed, i t  is  r a t h e r  t h e  order of m a g n i -  

- duration of arc: 0.1 second 

- m a x i m u m  r e p e t i t i o n  rate: 1 discharge every 4 hours. 

9.2.2. C i r cu i t  diagram: 

The c i r c u i t  diagram is shown by Figure 48. It corresponds t o  t h e  one 

In  t h e  same way, t he  superconducting p a r t s  are  shown by shown i n  Figure 45. 

heavy l ines .  A protec t ive  spark gap has been connected i n  p a r a l l e l  on the  use. 

It i s  used t o  l i m i t  t h e  d i f fe rence  i n  po ten t i a l  which could appeai. a t  t he  terminals 

of t he  superconducting c i r c u i t  i n  t h e  case where t h e  arc is  not energized i n  t h e  

use chamber. This case can r)ccur, f o r  example, when it has been forgot ten  t o  

i n s t a l l  t h e  energizing w i r e  shown on Figure 48. 
gap does not become a fac tor .  

Normally, the  pro tec t ive  spark 
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I ,  h 

I I a-- 1 equivalent r e s i s t ance  a t  connections 
4 - - - - -  - - 

use  chamber 

\ f  ! ,-, 
I 

'\ arc energizing w i r e  -- & - - _ _ _ _  - - - _ - - -  - -  - - - - -  

protec t ive  spark gap 

L177 

Energies which become a fac tor :  w i n  the  switch 2 

3 
w i n  t he  connections 

w energy used 
U 

Figilre 48. 

9.2.3. I n i t i a l  computational data:  

Since the  energy involved i s  high, a l i m i t  w i l l  be placed on t h e  m a x i m u m  

value of t he  lo s ses  which can be to l e ra t ed  i n  t h e  switch, corresponding t o  a 

c a l o r i f i c  energy d iss ipa ted  i n t o  the  cryogenic device during t r a n s i t i o n ,  as 

well as on t he  m a x i m u m  value of energy l o s t  owing to  jou le  effect i n  the  connec- 

t ions.  

Under these conditions,  t he  operat ing case specif ied i n  Table 4 w i l l  be L178 
considered: 

Table 4. 

~~ 

Desi gnation of quant i ty  Symbol and given value Relation t o  be 
used 

Energy i n  the  arc 

Time constant of discharge 

Losses t o  1 erat  ed ; 

W" - 20 .cu 

- G,l s (50) modified 

i n  t he  superconducting mi tci: w2 L C.15 Ju 

w, - 0.10 wu i n  t he  connections 
iqu - G , c ~ A  

Resistance of t h e  arc 
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9.2.4. Determination of power supp!.y charac te r i s t ics :  

The da ta  from Table 4 allow successive determination of t he  following 

quanti ti es : 

Resistance of connections - r c l a t i o n  (89.6) 
'R, - 0,:C HU - 0.00; .CC 

Storage c o i l  - r e l a t i o n  ( 5 0 )  i n  which R + R replaces  R u 3  U 

., - G,? (Hu *' R,) - O,X'>?;: 
Minimum value of t he  e f f ic iency  

Yo - wu * w2 *, 

'& W + ~ , i 5  \ill 6 C , l C  W, 

whence: 

whence: 

(167) 

R~ 3 ~ ~ 2 4 2 ~  (171 

In  the  case of Rm = 0.24211, t he  value of the  e f f ic iency  1 = 0.80 is only 

s t r i c t l y  obtained when the  t r a n s i t i o n  ve loc i ty  of t he  switch i s  i n f i n i t e  

(P 7.4.1.1). Indeed, we have seen (P.  7.4.1.1, expression (90.1)) t h a t  t h i s  

l i m i t  value of t he  e f f ic iency  w a s  p r a c t i c a l l y  reached i n  the  case where b' w a s  

small with respect  t o  unity. I n  order  t o  preserve more c a p a b i l i t i e s  i n  the  

following, we are going to use f o r  R a value greater than 0.24261, f o r  example: m 
am - G J Z T  (172) 

Under these conditions,  we are going t o  calculate the  exact value of t he  

eff ic iency.  

Exact value of t he  e f f ic iency  

Under these conditions:  

-. the  exact value of t he  e f f i c i ency  is, according t o  r e l a t i o n  (90): 

7 - = o,& O 0  x G  6 2 3  -0.02 (173) 

- the  exact value o f  t he  e f f ic iency  ; s  given by r e l a t i o n  (90.1) i:i which f180 

there  is: 
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f o r  

k = IO3 (value t o  be used by us  l a te r  on)  (176) 
9-1 

whence: - e 4  - 2 - 0,00153 - 2 - 
a (177) 

(The e r r o r  introduced into t he  ca lcu la t ion  by t h i s  approximation is t o t a l l y  

t i e  & i si 01 e ) 
. 1  

j?- 7 * - 1 . - G . m 2  (178) 

The r e l a t i o n  (90.1) gives i n  t h i s  case: 

7 - -c,c.>, - 0,61a (179) 2 x 0.02 x (0.11) - a*oc1* (41,tchC,47+0,1&0,@~ . a )  

By comparing t h i s  value t o  t h e  m a x i m u m  l i m i t  given by r e l a t io r ,  (1731, 
it czn be seen t h a t  t he  value of k se lec ted  with (176) is s u f f i c i e n t l y  high and 

t h a t  p r a c t i c a l l y  nothing would be gained by increas ing  it fur ther .  

To t h i s  value of k correspond the  values of t and I ca lcu la ted  i n  t h e  
1 m 

following. 

(181) 

Maximum value of t h c  discharge cur ren t  

This m a x i m u m  value is given by the  r e l a t i o n  (62.9)  a t  i n s t a n t  t spec i f ied  1 
by r e l a t i o n  ( I & ) .  

we must ca l cu la t e  according t o  ( k 3 ) :  
We are therefore  going t o . c a l c u l a t e  tl. I n  order to do t h i s ,  

z, - L I 1.1 x 1f2. (182 1 
Rm 



whence i t  follows, according t o  (44): 

w- 

- 1?2.0co amperes 
By way of confirmation, i,t is now possible  t o  perform the  following calcu- 

la t ion :  

Energy d iss ipa ted  i n t o  the  switch 

The r e l a t i o n  (62.6), i n  t he  d i f f e r e n t  terms of which R + R shuuld u 3  
,? . c .8 'I 

replace R , gives: 
U (-1 - 2b.5 X -- x @,C? x (G,Il)~'os13tix(4~,1C+0,:;r~,;~~,;,2~+~,:~i.v,~ ,*... ) 2 L .> 

rl,:.:? - 24.5 x 7 , ~  x 0.02 x 1.004 x 46.6 - 2.5 >:a~nJcuiOS (186) 
Available energy 

From r e l a t i o n  (89.7) and (169) it f o l h w s  that :  

whence: 

Energy d iss ipa ted  i n t o  the  connections 

The r e l a t i o n  (89.6) gives d i r ec t ly :  

w, - 20 3 - 2 KeEaJoulcs 

(187) 

(188 1 
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The c h a r a c t e r i s t i c s  of' t he  power supply spec i f ied  ~n this way are compiledj183 

i n  Table 5. 
Table 5. 



9.2.5. P rac t i ca l  design: 

J u s t  a s  i n  paragraph 9.1.5, many design possibt  a ~ t i e s  a r e  available. 

W e  a r e  onl- going t o  give one example of them. The ca l cu la t ion  of t h e  storage 

winding was ca r r i ed  out according t o  the  method a l ready  demcribed (P. 9.1.5.3.1), 
as proposed by !lassell C841 (cf. Figure 46). 

Storage winding 

mean radius: r = 75 C ~ I I  

height: h = 75 c m  

t o t a l  thickness: e = 15 c m  

material used: Nb-0, 48 T i  a l l o y  i n  the form of wires embedded i n  a 

copper matrix of very high pu r i ty  

number of turns:  = 49 t u r n s  

cur ren t  dens i ty  i n  t h e  superconductor: 6 = 10 A/cm 

useful sec t ion  of t he  superconducting al loy:  1.22 cm 

t o t a l  weight of superconducting alloy: 

t o t a l  weight of t he  copper of s t a b i l i z a t i o n :  

induction i n  the  center  of winding: B = 4.4 tes la  

5 2 

2 

160 kg 

3000 kg 

0 

maxiaum induc,iion with the  superconductor: 

Connections 

The outs ide  p a r t  o f  t h e  c ryos t a t  w i l l  be designed, f o r  example, with a 

Bm C 5 tesla 

very  th i ck  copper section. The lead-ins i n t o  the  cryostat w i l l  be made of 

copper with v2i-y high pur i ty ,  allowing t h e i r  r e s i s t i v i t y  t o  be lowered by a 

f ac to r  on t h e  order  of 20'7 a t  4°K. These lead-ins w i l l  be used a t  the  same 

time a s  a piping system allowing recovery of gaseous helium coming from vaporiza- 

t i o n  of t he  l i qu id  helium contained i n  t h e  c ryos ta t  and w i l l  be considerably 

cooled i n  t h i n  way. 

decrease towdrds t h e i r  ends located i n  t h e  very low temperature region where 

they w i l l  be d i r e c t l y  connected t o  t h e  ends of t h e  copser winding used f o r  

s t a b i l i z a t i o n  of t h e  energy s torage  winding 1871. 

The e f f ec t ive  c ros s  sec t ion  of t h e  copper w i l l  progressively 

The copper sec t ions  used to  produce these  connections w i l l  be se lec ted  

so as to:  

- obta in  a t o t a l  r e s i s t ance  R 
- d i s s i p a t e  dirring discharge, i n t o  any sec t ion  of t h e  c i rcu i t  whatever 

I 0.M3 0 (Table 5 ) ;  3 
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formed by these connections, sn ly  an energy less than t h e  energy which would 

cause a r ise  i n  temperature dangerous f o r  t h e  i n s u l a t o r s  used. By designating 

by r the  r e s i s t ance  i n  ohms of any sec t ion  whatever of t h e  c i r c u i t  forming t h e  

connections, t h e  energy w expressed i n  j o u l e s  d iss ipa ted  during discharge i s  

given under conditions considered by the  d i r e c t  r e l a t ion :  

L185 

" 

W:cu:e - - b,c.b,-l 2 x (!.90) 

( f o r  t h i s  d i ss ipa ted  energy i s  proportional t o  t h e  r e s i s t ance  and w = w 

should be had f o r  r = R3 (Table 5 ) ) .  
3 

Switch 

I t  w i l l  be of t h e  t r a n s i t i o n  type (P. 7.5.11, formed beginning from a 

same superconducting a l l o y  as the  s torage  winding but e l e c t r i c a l l y  insu la ted  

and thermically s t a b i l i z e d ,  f o r  example, by means of a metallic oxide with 

high thermal conductivity. 

When the  switch is produced without c o i l  (P .  7.5) and when t h e  precaution 

is taken not t o  arrange it i n  t h e  f i e l d  of t h e  s torage  c i r c u i t ,  t h e  magnetic 

f i e l d  i n  t h e  v i c i n i t y  of t h e  supercoqductor which forms i t  can remain very 

small ( f o r  example, severa l  t en ths  of a +,esla a t  t h e  maximum). Under these  

conditions,  t he  c r i t i ca l  cur ren t  of t h e  superconducting material w i l l  be higher 

[1121 and the  switch can be produced a t  t h e  same time preserving t h e  same e f f e c t i v e  

superconducting c ross  sec t ion  as i n  the  storage winding, i.e. 1.22 c m  . 2 

It follows from t h i s :  

- t h e  length 1 of t h e  superconductor t o  be used ( r e l a+ ion  (99) )  knowing 

t h a t  t he  r e s i s t i v i t y  of t h e  material after t r a n s i t i o n  i s  70 x c m  cll31: . 
- t he  volume sl of superconductor t o  be used: L186 

- 5250 x 1/22 . &W co3 
3 i.e. 6.4 dm ; t h i s  r e s u l t  a l s o  being deduced from (101); 

(192) 

- t he  energy d iss ipa ted  during discharge,  per u n i t  of volume of supercon- 

i.e. 93 calories/cm3 which approximately corresponds t o  15 c a l o r i e s  per gram of 

superconductor. 
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The order of magnitude of corresponding maximum rise i n  temperature w i l l  

remain very small compared, f o r  example, t o  t he  value of t he  ambient tempera- 

ture.  

In order t o  l i m i t  t he  quant i ty  of helium vaporized the  switch w i l l  be 

i n s t a l l e d  i n  a cryogenic compartment containing only a small quant i ty  of l iquid.  

This l i qu id  helium, furthermore, can be removed beforehand by in j ec t ion  of g a s  

under pressure. 

Energy charging device 

The charge w i l l  be car r ied  out  by means of a cenverter as shown on Figure 

The duration of charge foreseen w i l l  be on the  order  of 20 minutes (commu- 48. 
t a t i o n s  not included) . 

The switches K %, Kc(, still of t he  t r a n s i t i o n  type,  w i l l  be formed 
CY’ 

from the  same mater ia l  as the  precseding switch. 

determined i n  t h i s  case as follows: 

Their c h a r a c t e r i s t i c s  are 

rate of var i a t ion  of charging current:  

maximum voltage a t  the  terminals  of t h e  s torage co i l :  L187 

(195) v - L 22- - b.G2>> .% ;w = ;,,, I .  a”&. d7, 

In  each one of t he  switches there  is  to le ra ted  a t o t a l  d i s s ipa t ion  or 
5 energy during the  charge equal t o  10 

2.5 x 10 joules  d iss ipa ted  i n  switch k during discharge). Under these condi- 2 
+.ions, the  following quan t i t i e s  may thence be deduced: 

j ou le s  (low value with respect  t o  the  
6 

normal res i s tance  R of t he  switch: 
q 

?a3 

corresponding current  i n t o  the  normal switch: 

am - u2 20 x 6C - 1,) x lG-:- (196) 

p o w e r  d i ss ipa ted  i n t o  the  normal switch: 

(198 

(it should be noted t h a t  t h i s  p o w e r  i s  no longer d iss ipa ted  i n t o  the  l iqu id  

helium beginning from the  in s t an t  a t  which the  switch is no longer i n  contact  

with t h i  s helium 1. 
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2 
Length of t he  superconductor ( t h e  sec t ion  remains 1.22 cm 1: 

2 1.' x IC' x 1.22 - 23 C$ 

7C x IC"  
(199) 

Cryogenic device 

The cryos ta t  w i l l  be constructed around the  energy s torage winding as 

shown i n  Figure 49. 
screens which it w i l l  include ins ide  w i l l  be interrupted i n  such a manner as 

not t o  form a closed turn  coupled by induction t o  t h e  s torage winding. The 

c ryos ta t  i t s e l f  w i l l  be formed by t he  s t a i n l e s s  s t e e l  sheet  with high e l e c t r i c a l  

r e s i s t i v i t y  i n  such a manner as t o  reduce the  jou le  e f f e c t  r e su l t i ng  from the  

cur ren ts  induced during discharge. 

It w i l l  therefore  have the  shape of a torus.  The thermal 

L1.88 

Figure 49. 

It is possible  t o  compute an upper l i m i t  of themaxim- electromotive forceL189 

E 

includes 49 t u rns  and t h a t  t he  maxim- electromotive force  of which i t  is the  

sea t  during discharge is equal t o  R I 

maxim- electromotive force  developed i n  the  c ryos ta t  i s  l e s s  (poor coupling of 

t he  c ryos ta t  t o  the  s torage winding) than t h a t  developed i n  a winding turn ,  it 

w i l l  follow tha t :  

induced i n t o  the  c ryos ta t  during discharge: knowing t h a t  t he  s torage winding 

= 0.03 x 112,000 = 3360 v o l t s ,  t he  u m  

,> < < 7 C  v o l t s  (200) 
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Since the e l e c t r i c a l  res i s tance  of t he  closed c i r c u i t  formed by the  sryo- 

s t a t  is  known, there  may e a s i l y  be deduced an upper l i m i t  of t he  corresponding 

energy diss ipated during discharge. 

The energy charging converter a s  w e l l  a s  i ts switches K K K 2' a' p '  Ky 
w i l l  be located i n  a second cryos ta t  connected t o  the  previous one by its cold 

p a r t  and located c lose  by i n  a region of t he  space subjected t o  a low value of 

t he  magnetic f i e l d ,  as indicated by Figure 49. 

The cooling of t he  system of t he  device,  its maintenance i n  the  cold state, 

thermal control  of t he  switches, then upon conclusion of t he  experiments t he  

rise i n  temperature w i l l  be ensured by a r e f r ige ra to r  operat ing i n  closed c i r c u i t  

with the  whole system. 

Density of s tored ava i lab le  energy 

The dens i ty  of s tored ava i lab le  energy 

material may be deduced d i r e c t l y  from Table 

I*u L,& - )io0 Jou?ez/cd 
01 W G O  

L19O 
per  un i t  of volume of superconducting 

4 and r e l a t i o n  (192): 

(201 1 

This densi ty  of stored ava i lab le  energy is greater than t h a t  poss ib le  as a . 

product of today's chemical explosives. Now, t h i s  appl ica t ion  of superconductors 

is still  qu i t e  new. 

s tage  and the  obtainable energy densi ty  rises with increase i n  capaci ty  of t he  

s torage device C541. 

Available power 

During discharge,  t he  power ava i lab le  is on the  order  of: 

The superconductors themselves are still i n  t h e  development 

This is  the  order  of magnitude of power supplied on the  gr id  of an e l e c t r i -  

c a l  power s t a t i o n  of E l e c t r i c i t 6  de France. 

9.3. Comnents: 

When the  following conditions are produced: 

- a rc  voltages V p r a c t i c a l l y  Tonstant during discharge (beginning from a r c  
in s t an t  t a t  which the  arc is energized); energizing - impedance R U ( t )  of the  arc e s s e n t i a l l y  d i e s ipa t ive  (and t h i s  t i m e ,  conse- Ll9l  
quently, a s  a function of time); 
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- negl ig ib le  impedance of connections; 

-K switch not of c o i l  nature;  

n obta ins  t h e  following r e s u l t s  (Figure 50): 
2 

Figure 50. 

Before energizing t h e  arc 

Everything occurs as i f  t h e  use c i r c u i t  w a s  not connected and t h e r e  appears 

between terminals A and B of t h e  s torage  c i r c u i t  a d i f fe rence  i n  p o t e n t i a l  given 

by r e l a t i o n  (29) i n  which i t  is necessary t o  replace re s i s t ance  R ( t )  by t ie 

s ingle  r e s i s t ance  R ( t )  then i n  t h e  c i r cu i t .  

energization of t h e  arc is  reached, t h e  arc w i l l  be energized. 

of energizing (When voltage V 
2 

The value 

of t h e  cur ren t  i n  t h e  s torage  c o i l  w i l l  iu( tenergizing 
t i o n  (28) i n  which R ( t )  has already been replaced by R2( 

then be given by rela- 

t )  and where t w i l l  be 

After energizing t h e  arc 

The arc voltage w i l l  be spec i f ied  by hypothesis a t  constant value Varc 

) and t h e  Kirchoff equations applied t o  t h e  c i r c u i t  of (less than 'energizing 
Figure 50 w i l l  allow writ ing: 

1 (t) - f, (t) + 5 ($1 (20s 1 

. - - L  A- d' ( t )  R2 (t) i (%) - 5, (t) i, (=) - vcc 
dt .. 

From r e l a t i o n s  (204) it follows tha t :  

1 (205)  W C  

Ct - tenergizing 1 - -  i ( t )  = i(tenergizing L 

and by taking r e l a t i o n  (203) i n t o  account the,furrent i n  t h e  arc is ob+a.at?d: 
arc 

iu( t 1 = i( tenergizing 1 - -  L C t  - tenergizing '-qm 
(206)  

t h e  resistance R ( t )  of t h e  switch for ' tenergizing' 2 I n  t h e  case where, 

i s  high enough f o r  t h e  last term of equation (206) t o  be negligible.  

cur ren t  i ( t )  i n  t h e  arc is a decreasing l i n e a r  function of t i m e  which can be 

diagramed by Figure 51. 

The 

U 
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'u'') 1 Beginning of e f f e c t i v e  discharge 
/ 

Figure 51. 

Under these conditions,  t he  l a s t  r e l a t i o n  (204) allows ca l cu la t ion  of L193 
function R ( t ) :  

U 

9, (t) I v,,, 
I, it) 

(207) 

i n  which cur ren t  i u ( t )  is given by r e l a t i o n  ( 2 0 6 ) .  

voltage Varc is constant,  t h e  r e s i s t ance  R ( t )  of t he  a r c  is  necessar i ly  

va r i ab le  and increases  with t i m e .  

experimental curves compiled i n  Figure 32.) 

The r e s u l t  is t h a t  whsn 

U 
(This r e s u l t  can be reconciled with t h e  

Then, a t  t he  end of discharge, t he  arc w i l l  progressively be extinguished 

(dot ted  l i n e  on Figure 51). 

It i s  poss ib le  t o  ca lcu la te :  

iu (t) dt (208 1 

t h e  cur ren t  i ( t )  being given by r e l a t i o n  (206) and remaining zero a f t e r  

i n s t a n t  t 
U 

i n  which it is reduced t o  zero i n  r e l a t i o n  (206). f 

The energy d iss ipa ted  i n  t h e  switch: 

It is then poss ib le  t o  calculate t h e  e f f ic iency  of energy transfer by 

proceeding i n  the  same way as i n  P. 7. W e  s h a l l  provide no f u r t h e r  d e t a i l s .  

I t  should f i n a l l y  be noted t h a t  t h e  fact  of considering t h e  arc voltage 

as constant during discharge only forms an approximation. 
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Coment 2 L194 

The two examples of designs which have j u s t  Seen considered i n  paragraphs 

9.1 and 9.2 m a k e  spec i f i c  today a revolut ionary and forwwd looking appl ica t ion  

of superconductors. Nevertheless, both these examples are based on present- 

day materials j u s t  as they are found today. As f a r  as examples are concerned, 

they are condemned t o  serve f o r  t he  next f e w  years as horr ib le  predecessors 

u n t i l  these  present-day mater ia l s  are replaced by well-designed superconductors 

which a r e  well su i ted  t o  our problem. 
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10. Coments Relating t o  t h e  Superconducting Material and Conclusion 

It i s  t h e  prospect of using superconductors f o r  production of in tense  

magnetic f i e l d s  which has s ince  1960 provided the  st imulus to research and 

development e f f o r t s .  These developments a r e  r e f l ec t ed  by: 

- t h e  appearance on t h e  market of some materials such as the  a l loys  

Nb-Zr, Nb-Ti, t he  compound SnNb , present ly  processed i n  the  form of wires,  

cab les ,  strips...; 

- t h e  removal on a preliminary bas i s  of superconc‘ucting mater ia l s  which 

3 

could not be produced on a p r a c t i c a l  bas i s  i n  these  forms; 

- t he  obta in ing  i n  the  case of processed materials, of as high as poss ib le  

m a x i m u m  c r i t i c a l  inductions,  t o  t h e  point where it now appears d i f f i c u l t  t o  

see i n  the  near fu tu re  any increase i n  t h e i r  c r i t i ca l  inductions by l a r g e  o rde r s  

of magnitude ( thus ,  it is still not known how, f o r  example, i t  would be poss ib le  

t o  multiply the  cr i t ical  induction of one of these  materials by 10, an induction 

which is already q u i t e  c lose  t o  t h e  l i m i t s  foreseen by ac tua l  theory. Neverthe- 

less, combinations between d i f f e r e n t  mater ia l s  C851 are not t o  be excluded); 

- t he  development of e f f e c t i v e  techniques of s t a b i l i z a t i o n  of t h e  material 

as well as of t h e  winding. 

However, on t h e  o ther  hand, i t  i s  poss ib le  t o  a sce r t a in  t h a t  t he  c r i t i ca l  

cu r ren t s  produced, f o r  example, with materials of t he  same nature ,  but with 

d i f f e r e n t  o r ig ins ,  o r  even used with the  same inductions but under d i f f e r e n t  

e x p e r b e n t a l  conditions,  sometimes d i f f e r  by a f ac to r  much grea te r  than 10. 

This should not be surpr i s ing  when it  is noted t h a t  t h e  bas ic  c h a r a c t e r i s t i c  of 

t he  mater ia l ,  f o r  production of in tense  magnetic f i e l d s ,  is t o  possess the  high- 

est  possible c r i t i c a l  induction. 

s torage  and discharge of e l e c t r i c a l  energy, it is the  c r i t i c a l  cur ren t  which 

c h i e f l y  becomes a fac tor .  

On t h e  o ther  hand, we have seen t h a t  f o r  

Indeed, when t h e  c r i t i ca l  cur ren t  dens i ty  6 

- according t o  r e l a t i o n  (241, mult ip l ica t ion  by (10)3’2 is performed, i.e. 

31.6, t he  stored energy, whereas i f  it w e r e  desired t o  multiply cr i t ical  induc- 

t i o n  B 

time) mul t ip l ica t ion  would only be performed by (10) 

energy! 

of a given material i s  m u l t i -  :I97 
C 

p l i ed  by 10 only,  t h e  r e s u l t  is tha t :  

by 1c (which furthermore is t h e o r e t i c a l l y  not poss ib le  a t  t h e  present 
112 

C 

, i.e. 3.16, the  s tored  
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- according t o  r e l a t i o n  (102) it would be poss ib le  to multiply the  r e s i s t ance  

R of t h e  swi t ch  by 10 f o r  t he  same mass of superconducting material  used, o r  

even t o  d iv ide  t h e  mass of t h e  switch by 10 f o r  a same value of r t q i s t a n c e  R 
m 

m. 

Now, when it is  observed t h a t  t h e  orders  of magnitudes of current d e n s i t i e s  

present ly  obtained experimentally are much less than t h e  orders  of magnitudes 

of t h e  theo re t i ca l  m a x i m u m  poss ib le  cur ren t  d e n s i t i e s  C1131, an improvement of 

t he  c r i t i c a l  cur ren t  d e n s i t i e s  tending t o  bring them nearer to t h i s  l i m i t s  could 

have revolutionary consequences f o r  our application, 

Whether t h i s  may be, f o r  example, t o  produce m a x i m u m  values of the  product 
2 

6 T ( r e 1 a t i o n  ( 2 4 ) )  o r  of t h e  product p b c . ( r e l a t i o n  (102)) o r  j u s t  a 
C C 

compromise between these conditions,  it does not appear t ha t  research has as 

ye t  been undertaken either on the  iiature of materials t o  be used o r  on the pro- 

cessing t o  be given them t o  put them i n  shape. 

As far as t h e  nat .*re  of the  mater ia l s  i s  concerned, a systematic exploratory 

study remains t o  be ca r r i ed  ou t  on a l l  superconductors known i n  order t o  determine 

those which can be used advantageously to form a l l  o r  p a r t  of t he  s torage  and 

energy discharge c i r c u i t s .  Likewise ,  t h e  search f o r  new materials remains t o  

be undertaken i n  t h i s  d i rec t ion .  

Insofar as the  s t r u c t u r e  and shape of t he  materials is concerned, research 

remains t o  be done on t h i n  l aye r s ,  f o r  example, o r  on massive c i r c u i t s  having an 

anisotropy (superconductivity i n  one d i r e c t i o n  and not i n  both perpendicular 

d i r e c t i o n s ) ,  such tha t  t h e  trapped l i n e s  of current a r e  "frozen" i n t o  the  material 

and i n t o  t h e  c i r c u i t .  Our i deas  along these  l i n e s  appear t o  be l i k e  those of 

Abrikosov [lo] who foresees  a more c e r t a i n  fu tu re  f o r  l aye r s  with thicknesses 

of from t o  than f o r  w i r e s  p resent ly  used i n  windings. 

L198 

Likewise, a study of spec ia l  p rope r t i e s ,  f o r  example the  advantageoua 

property possessed by s o m e  materials of having higher cri t ical  values f o r  iqduc- 

t i o n s  grea te r  than a s p e c i f i c  value C1141 1851, remains t o  be done. 

The p o s s i b i l i t y  of using massive circuits (whether an iso t ropic  or no t )  o r  

circuits i n  l aye r s ,  etc...in short circuit  on themselves never appears t o  have 

been considered. Except i n  t h e  production of cryotrons,  the  use of t h i n  l aye r s  

t o  obta in  high c r i t i c n l  cu r ren t  d e n s i t i e s ,  i .e.  i n  consequence of t h e  high 



r e s i s t ances  i n  the  normal s t a t e ,  does not appear t o  be i n  vogue. On t he  con- 

t r a r y ,  t he  use of superconductors t o  c rea t e  magnetic f i e l d s  had led i n  the  

reverse of condition (1021, t o  development of mater ia l s  having as low as poss ib le  

equivalent e l e c t r i c a l  r e s i s t i v i t i e s .  Likewise, it w a s  soutght, i n  a windinz, 

t o  elbtain the  reverse  of...high-speed, homogenous and t o t a l  t r ans i t i ons1  The 

p o s s i b i l i t y  of producing c i r c u i t s  formed by l aye r s  closed on themselves and i n  

t h i s  way having a good s t a b i l i t y  i n  t h e  superconducting s ta te ,  a low thermal 

i n e r t i a  and an easy access f o r  a homogenous penet ra t ion  of t he  magnetic induc- 

t i o n  during t r a n s i t i o n ,  f i n a l l y  a r e l a t i v e l y  high r e s i s t i v i t y  i n  t h e  normal 

s ta te ,  does not appear t o  have been used. 

Perhaps a l l  t h i s  has not ye t  been considered? I t  w a s  c e r t a i n l y  necessary, 

i n  order t o  have t h e  oppor tuni t ies  of a r r i v i n g  a t  an advantageous r e s u l t ,  t o  

use t h e  imagination t o  develop so lu t ions  qu i t e  d i f f e r e n t  from t h e  conventional 

so lu t ions  t o  which we have been so long accustomed. Perhaps t h i s  has been 

thought of?  However, it is not ye t  very well understood how t o  introduce 

energy i n t o  such c i r c u i t s  on a p r a c t i c a l  bas i s ,  nor how t o  take energy from 

them. The technological problems t o  be solved were still too many i n  number 

and t h e i r  nature too unusual.... 
L199 

Hopefully, t he  spin-off from a l l  t h i s  w i l l  show t h a t  t h e  optimum charac- 

teristics required 0 . '  material  f o r  s torage  and discharge of e l e c t r i c a l  energy a r e  

not t h e  same as those required of it f o r  producing in t ense  magnetic f i e l d s .  On 

the  o ther  hand, t he re  are some poin ts  i n  common: f o r  example, t h e  requirement 

f o r  producing a s t a b l e  cur ren t  and, i n  t h e  case of operating with high induction, 

t he  requirement f o r  obtaining from t h e  c i r c u i t  (not necessar i ly  from t h e  material) 

a s u f f i c i e n t l y  high mechanical resistance 80 t h a t  it can without danger resist 

magnetic pressure. 

Given the  dispersion ex is t ing ,  i n  t h e  case of present ly  ava i lab le  materials, 

i n  t h e  valuns of t h e  c h a r a c t e r i s t i c s  most important f o r  our appl ica t ion  and 

being given $hat up u n t i l  now no known study has been made t o  o r i e n t  these  

c h a r a c t e r i s t i c s  toward values advantageous t o  us ,  it can be conoidered t h a t  it 
is now poss ib le ,  having defined t h e  problem, t o  produce great improvements i n  a 

short t i m e  and a t  l o w  cost .  

Remaining q u i t e  rea l i s t ic  about i t ,  we have grounds f o r  expecting t h i s  

today. 
1 3 3  
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